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CHAPTER 1
INTRODUCTION
In civil engineering steel reinforced concrete is the most important composite material which 
is used for structural applications. The combination of a high compressive strength of the 
concrete and a high tensile strength of the steel reinforcement leads to an appropriate load 
carrying capacity for many applications in the building industry. A rather new development of 
a composite material is textile reinforced concrete (TRC), where multi-axial fabrics are used 
in combination with fine grained concrete. This allows the design of very thin-structured 
concrete elements with a high strength in compression as well as tension. The use of the 
technical textiles, mainly made of alkali resistant (AR)-glass and sometimes with other 
materials like carbon or aramid, which are placed in the main stress direction of the 
composite, leads to a high effectiveness in comparison to the use of randomly distributed 
short fibres in the already known glass fibre reinforced concrete (GRC). However, as TRC is 
an innovative material, detailed information needed for the safe design of TRC load bearing 
structures is still missing and therefore ambitious investigations in research are carried out. 
Thus, the collaborative research centre “Textile Reinforced Concrete (TRC) – Technical Basis 
for the Development of a New Technology” (SFB 532) at RWTH Aachen University [Ban05, 
Cur03, Heg01, Orl05] sponsored by the “Deutsche Forschungsgemeinschaft (DFG)” has set 
out to investigate the basic mechanisms regarding durability aspects, bonding characteristics 
as well as load carrying capacity within guidelines and standards for dimensioning such thin-
structured TRC elements. For example U-shaped profiles (Fig. 1.1) are provided of the type 
that will be produced in a continuous production process within the research project. For this 
reason, the material properties of the fine grained concrete as a main component of the 
composite also have to be known as they are implemented in different models supporting 
analytical and numerical simulations of the TRC structures. These newly developed matrices 
meet special demands regarding e.g. production processes and chemical stability of the textile 
reinforcement. As a result they show a finer and more homogeneous structure in comparison 
with ordinary concrete and hence provide an improved performance with high strengths and 
enhanced durability characteristics. 
Generally, TRC structural elements, like e.g. permanent formwork elements, facades, tanks 
and containments, are used under different environmental and loading conditions. Hence, for 
the dimensioning and design of TRC structures, the basic fracture characteristics and the 
mechanical properties of the fine grained concrete are determined for the stress and strain 
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state in compression and tension, as they are both relevant for dimensioning TRC structural 
elements, like e.g. the U-profile under flexural load as shown in Fig. 1.1. 
tension
T
C
compression
- one-dimensional
- plane stress
- ?
?
?-??
tension
shear
C
T
compression
P
Fig. 1.1. Flexural loading of a textile reinforced U-shaped element; ?-? relation under compression 
and tension. 
1.1 Objectives
It is the main objective of this study to determine the mechanical and fracture mechanical 
characteristics of the newly developed fine grained binder systems as a main component of 
the composite to allow for a reliable dimensioning of TRC structures in the future. In general 
the serviceability of a concrete structure is defined by the loading capacity under tension and 
compression determined in short-term tests as well as the time-related deformations under 
sustained load investigated in long-term tests. 
In respect of short-term investigations within this work, the relevant material characteristics 
are determined for both compression and tension, i.e. stress-strain curves (?-?) with the 
corresponding compressive or tensile strength and Young’s moduli are determined. A main 
focus of the presented investigations is the determination of the softening behaviour expressed 
by stress-crack width curves (?-w) in order to define the fracture behaviour for tension. 3-
point bend tests are carried out, and a newly developed analytical model is proposed which 
allows for the straightforward analytical derivation of a multi-linear ?-w-relation without 
finite element (FE) analysis. These findings are verified by numerical simulations. Possible 
size effects are analysed by investigating the influence of varying specimen size and geometry 
in compression and tension tests. 
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the serviceability of a concrete structure is defined by the loading capacity under tension and 
compression determined in short-term tests as well as the time-related deformations under 
sustained load investigated in long-term tests. 
In respect of short-term investigations within this work, the relevant material characteristics 
are determined for both compression and tension, i.e. stress-strain curves (?-?) with the 
corresponding compressive or tensile strength and Young’s moduli are determined. A main 
focus of the presented investigations is the determination of the softening behaviour expressed 
by stress-crack width curves (?-w) in order to define the fracture behaviour for tension. 3-
point bend tests are carried out, and a newly developed analytical model is proposed which 
allows for the straightforward analytical derivation of a multi-linear ?-w-relation without 
finite element (FE) analysis. These findings are verified by numerical simulations. Possible 
size effects are analysed by investigating the influence of varying specimen size and geometry 
in compression and tension tests. 
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because a possible strength reducing process of carbonation might be more relevant for the 
thin structural elements of TRC in comparison with the rather massive structures of ordinary 
concrete.
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nor planned multi-axial loading of concrete specimens is considered within this thesis. The 
experimental investigations within this work are carried out for three fine grained concrete 
mixtures which differ in strength and hence show different fracture behaviours. Knowing the 
mechanical and fracture mechanical properties of these three concrete types ranging from a 
rather brittle to a more ductile fracture behaviour will allow for designing further concrete 
mixtures with regard to requirements for each case of application of TRC building members. 
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the test methods applied to the fine grained binder systems used are not new in principle, 
enhanced or modified test set-ups had to be developed for the testing of the small-sized 
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structure and the mechanical, fracture mechanical as well as the deformation behaviour of 
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experimental testing methods to determine the relevant concrete parameters are described and 
evaluated with respect to the use of fine grained concrete. 
In Chapter 3 the fine grained concrete mixtures used for the experimental investigations are 
introduced, that is the mixture proportions as well as fresh and hardened concrete 
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mathematical formulations as well as corresponding mechanical parameters like the 
compressive strength, Young’s modulus and strain at ultimate load are determined and 
evaluated for the new matrix systems. Furthermore, the influence of specimen size and 
geometry is considered for a size range of 1:2:4:8, with the smallest specimen dimension 
d = 10 mm, which is appropriate for the thickness of the filigree TRC structures. 
Subsequently, the experimental results are evaluated by appropriate mathematical size effect 
approaches.
Under uniaxial compression long-term static load was also applied and the creep behaviour at 
low load levels (0.40 to 0.60 fc, where fc is the compressive strength) as well as higher 
sustained loads (0.80 to 0.95 fc) was investigated as discussed in Chapter 5. The objective was 
to investigate the applicability of known creep models, which assume linear creep. Hence the 
linearity of creep was investigated. Furthermore, the static fatigue of fine grained concrete 
was approximated on basis of the experimental results. 
In Chapter 6 the mechanical behaviour of the fine grained concrete matrices under short-term 
static loads is investigated. The tensile strength, Young’s modulus and strain at ultimate load 
are derived from uniaxial tension tests. 3-point bend tests on notched and non-notched 
specimens give the basis for the derivation of linear-elastic fracture mechanical parameters 
and the evaluation of the applicability of linear-elastic fracture mechanics. Subsequently FE 
calculations are carried for the derivation of the softening behaviour of the fine grained 
concrete mixtures as ?-w curves. Furthermore, on the basis of deformations within the 
ligament by means of a video extensometer, a new analytical approach is proposed, which 
allows for the derivation of multi-linear ?-w curves without using FE analysis. 
Possible size effects are investigated by notched 3-point bend tests on different specimen 
sizes within a size range of 1:2:4 (beam depth), and subsequent FE analysis as well as size 
effect approaches as applied for compression. 
In Chapter 7 the influence of carbonation on the mechanical and fracture mechanical 
properties is investigated for a mixture with a very high content of fly ash which shows 
complete carbonation at the chosen testing age of 56 days for the considered specimen 
dimension and climatic conditions. The experiments on tension and compression load 
behaviour are carried out for these completely carbonated specimens in comparison with non-
carbonated specimens with the objective of evaluating the influence of carbonation on the 
mechanical and fracture mechanical concrete characteristics. 
Finally Chapter 8 will close this thesis with a summary and concluding remarks.  
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CHAPTER 2
LITERATURE REVIEW
2.1 Fresh concrete properties 
Concrete in its simplest form is a mixture of aggregates, cement and water. Nowadays, also 
many additives like fly ash and silica fume or chemical admixtures like plasticisers, retarding 
or accelerating agents are also used to improve the fresh and hardened concrete properties. 
The major characteristic features of fresh concrete are consistency, workability, segregation, 
apparent volumetric weight, cement or binder content and mixing water. For a mix design, in 
general the requirements concerning consistency and proposed exposition must be regarded 
and the material properties like density and grain size distribution have to be known. The 
fresh concrete properties are mainly influenced by the mixing procedure, compaction energy, 
climatic conditions (e.g. temperature) etc. The fresh concrete properties like temperature, 
density, air content, and consistency (e.g. slump and flow) can be determined according to 
German Standards for concrete [DIN EN 12350] or mortar [DIN 18555-2]. More details about 
mixture design and fresh concrete properties are given in [Wes93]. The principles of mixture 
design and determination of fresh concrete or mortar properties in general will also apply for 
fine grained concrete, but due to significantly smaller maximum aggregate sizes and higher 
binder contents the known testing procedures have to be modified and new limit values have 
to be determined. 
2.2 Structure of concrete 
Concrete is a heterogeneous material, where some of the single components like e.g. cement 
have an extremely complex micro-structure. This fact already points to the difficulty in 
describing different phenomena of concrete if it is assumed to be a homogeneous material. 
Therefore, it seems appropriate to describe and explain the structural behaviour of concrete 
not only on the macro-scale, but also either on the micro- or meso-scale as introduced in 
[Wit83]. On the macro-scale concrete is considered a homogeneous material (Fig. 2.1 c), and 
corresponding mechanical properties are used for dimensioning concrete structures in civil 
engineering. On the meso-scale pores, cracks, inclusions and interfaces are considered, but in 
fracture models concrete often is assumed to be a two-phase system (Fig. 2.1 b) in order to 
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explain fracture processes by the different mechanical properties of the aggregates and the 
cement paste as well as by the influence of the interfacial zone. On the micro-scale 
(Fig. 2.1 a) the single components such as the aggregates, cement paste and the interfacial 
zone between aggregate and cement paste turn out to be highly heterogeneous. Therefore, 
certain concrete characteristics like e.g. fresh concrete properties or autogeneous shrinkage 
are usually explained on the micro-scale with a detailed knowledge of the cement structure 
and its hydration products. 
Fig. 2.1. Idealisation of concrete on the a) micro-, b) meso-, and c) macro-scale according to 
[Mec00]. 
Actually the hydration process of concrete starts by the adding of water (cement and water 
forming calcium hydroxide Ca(OH)2) and shows a high reaction rate during the first few 
minutes with a gel film emerging on the surface of the cement grains. In the ongoing 
hydration process the reaction products precipitate from the saturated aqueous solution into 
the existing pores or voids. This leads to the growth of solid bridges from the core of cement 
grains into areas where water was previously present and the cement paste gradually hardens 
to its final form. At a certain stage this leads to the onset of cement setting. With the 
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concrete structure and being relevant for the experiments carried out within the framework of 
this thesis are considered briefly as follows. 
Matrix composition 
In most cases, on the meso-scale, aggregates are assumed to be homogeneous and inert 
material. Usually, for ordinary concrete aggregates are used which offer a higher stiffness and 
strength than the surrounding cement paste. The mechanical characteristics of the cement 
paste are influenced by the pore structure development during hydration processes. According 
to [Wes93] theoretically the addition of water by more than 40 % of the cement weight, i.e. 
w/c ? 0.40, should lead to complete cement hydration. If more water than 40 % of the cement 
weight is added the remaining free water, which is not used in the chemical reactions, will 
form capillary pores. Pores of different size are found in hardened cement paste, but 
especially the amount of larger pores has a substantial effect on the mechanical properties of 
cement paste and concrete as high w/c ratios lead to a high amount of capillary pores and 
hence low strength. In regard to matrix composition a high binder content and especially the 
addition of e.g. silica fume or fly ash leads to a densification of the concrete structure due to 
filler effects as well as pozzolanic reactions [Wes93, Wie98]. This pozzolanic reaction, which 
describes the reaction of amorphous SiO2 with the Ca(OH)2 from cement hydration creating 
new CSH-phases, may provide a substantial enhancement of the strength development. Silica 
fume is more reactive than fly ash due to a greater fineness and higher glass content. The 
extremely small particle size of about 0.1 µm in comparison with a particle size of about 
10 µm of cement and fly ash grains leads to a high hydration rate and improved strength 
properties of the cement paste as well as the interface zone as explained in detail in [Wie98]. 
The pozzolanic reaction of fly ash is slowly in comparison with that of silica fume or the 
hydration of cement, i.e. the replacement of cement by fly ash will give lower strengths for 
certain testing ages (e.g. < 90 days) but a gain in strength will be observed for higher ages 
[Wie98, Sch96]. 
Climatic conditions 
In general the strength development of concrete over time depends on curing as well as 
climatic conditions. Investigations in regard to the influence of various storage conditions on 
the concrete structure and material properties are described e.g. in [Wes93]. For any storage 
humidity and thermal gradients within a specimen may cause eigenstresses. Also, when a 
specimen is allowed to dry, moisture gradients will develop within the material. As a 
consequence, internal stresses will develop because only those areas of the specimen will 
shrink where the moisture content decreases. Similar effects may happen when thermal 
gradients are caused by the hydration heat of the cement and subsequent cooling of the 
material. 
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In this thesis no thermal or humidity effects have been considered, but the influence of 
carbonation on the mechanical characteristics of fine grained concrete is described in 
Chapter 7. The carbonation process of concrete is a consequence of the conversion of the 
relatively porous Ca(OH)2 into denser calcium carbonate (CaCO3) by CO2, note that this 
process also requires some humidity. Usually the process of carbonation is rather slow under 
atmospheric conditions with CO2 concentrations of about 0.03 Vol.-%. This carbonation 
process can be accelerated artificially in climatic chambers where the concentration of the 
CO2 with 1 to 2 Vol.-% is some 30 to 60 times higher than that of the atmosphere. The nature 
of the carbonation process under accelerated carbonation conditions may lead to reaction 
products which are different from those created in natural atmosphere [Tho00]. These effects 
are not known in detail yet, but are assumed to be small for rather moderate CO2
concentrations of about 1 Vol.-%. For ordinary portland cement (OPC) the process of 
carbonation leads to a densification of the pore structure of the cement paste, as the reaction 
products have a larger volume than the original Ca(OH)2, which may lead to an increase in 
strength. For mixtures with a high content of pozzolans the carbonation will proceed faster, as 
there is a smaller amount of Ca(OH)2 available to produce CaCO3, and thus a densification of 
the pore structure will be less significant when compared to an OPC mixture [Wes93, Tho00]. 
The fine grained concrete matrices investigated in this work consist of the same raw materials 
as ordinary concrete and just differ in aggregate size and amount of binder content. In 
principle the same hydration processes and structural phenomena as for ordinary concrete can 
be assumed. The differences in the considered material characteristics will be discussed 
within the following chapters separately for the experimental investigations of compressive 
and tensile loads.
2.3 Mechanical behaviour of concrete - Compression 
2.3.1 Introduction 
The behaviour of concrete under loading represents the complex inner response of the 
material to an external action and has been studied in many research works over the last 
decades. The main factors which have been identified in these studies to affect the mechanical 
parameters measured in mechanical tests carried out on a concrete specimen can be listed as 
follows according to [Avr81]:  
(i) concrete characteristics, i.e. structural (amount of non-hydrated cement grains, amount of 
voids, degree of hydration), mechanical (modulus of elasticity, Poisson’s ratio, creep under 
load, compressive, tensile and shear strength), physical (volume stability, coefficient of 
thermal expansion, shrinkage and swelling, moisture content) and chemical properties 
(chemical composition after hydration and it’s stability with time) of cement paste as well as 
aggregate and properties of the aggregate-cement paste interface,  
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(ii) specimen and environmental characteristics like e.g. specimen shape and size, temperature 
and moisture conditions including their distribution within the specimen, curing conditions,  
(iii) stress and strain conditions during loading like e.g. actual stress and strain distribution 
(uniform or non-uniform stress distribution in cross-section or along the specimen), effects of 
loading platens and machine stiffness,  
(iv) loading conditions like long-term or short-term static loading, dynamic loading, pattern of 
load application. 
Although all the above listed aspects have a significant effect on the mechanical 
characteristics of concrete in principle, it is generally agreed to consider deformation and 
fracture mechanisms separately for tension or compression. For this reason, in the following 
mainly those aspects are considered in more detail which are relevant for the mechanical 
characterisation of concrete investigated under static compressive load in short-term as well 
as long-term tests, and static load in short-term tension tests. 
2.3.2 Compression (short-term static loads) 
The mechanical response of concrete under compressive load is influenced by the strain and 
fracture characteristics of the heterogeneous material. To explain this mechanical behaviour, 
concrete has been modelled on the meso-scale as a two-phase system, (compare Fig. 2.1 b). 
Using this idealisation principle tensile and compressive stress components within the 
specimen under compressive load can be assumed as shown in Fig. 2.2.  
+
-
compression+
tension
aggregate
cement paste
-
Fig. 2.2. Model for stress distribution in ordinary concrete under compression [Wis72]. 
For ordinary concrete the aggregates show a higher strength and stiffness than the cement 
paste (Section 2.1) and hence, the compressive stress flow is transferred between the 
aggregates along the shortest possible path. The horizontal components of these compression 
stresses lead to tensile stress zones on the aggregate side faces and the interfacial zone. As 
these stresses are accompanied by strain components which ultimately are responsible for any 
deformations, the different types of concrete strains as described in [Avr81] can be listed as 
follows: 
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For ordinary concrete the aggregates show a higher strength and stiffness than the cement 
paste (Section 2.1) and hence, the compressive stress flow is transferred between the 
aggregates along the shortest possible path. The horizontal components of these compression 
stresses lead to tensile stress zones on the aggregate side faces and the interfacial zone. As 
these stresses are accompanied by strain components which ultimately are responsible for any 
deformations, the different types of concrete strains as described in [Avr81] can be listed as 
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(ii) specimen and environmental characteristics like e.g. specimen shape and size, temperature 
and moisture conditions including their distribution within the specimen, curing conditions,  
(iii) stress and strain conditions during loading like e.g. actual stress and strain distribution 
(uniform or non-uniform stress distribution in cross-section or along the specimen), effects of 
loading platens and machine stiffness,  
(iv) loading conditions like long-term or short-term static loading, dynamic loading, pattern of 
load application. 
Although all the above listed aspects have a significant effect on the mechanical 
characteristics of concrete in principle, it is generally agreed to consider deformation and 
fracture mechanisms separately for tension or compression. For this reason, in the following 
mainly those aspects are considered in more detail which are relevant for the mechanical 
characterisation of concrete investigated under static compressive load in short-term as well 
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(i) There are elastic strains which obey Hooke’s law. These are not time dependent, 
reversible, and they develop for any value of stress. 
(ii) Viscous strains are characterised by shear rates proportional to the stresses induced in the 
material. These are time dependent under the action of sustained load and are partially 
reversible. They develop for any value of stress, but are damped in time and tend toward a 
limit. 
(iii) Plastic strains are initiated only if stresses in the material exceed a certain value, they 
increase practically without limit in time (as long as stress is maintained) and are irreversible. 
These different strains can be explained in turn by the heterogeneous nature of concrete on the 
micro- and meso-scale. Some components like e.g. the aggregates or crystalline components 
show elastic strain, while viscous strains are due to the gel-like component of the hardened 
cement structure and are characterised by shear rates proportional to the stresses induced in 
the material. As static load cannot be achieved instantaneously viscous strains develop and 
hence, permanent deformations even at low stress levels have been observed. These viscous 
strains lead to the bend that appears on the ascending part of the concrete ??? curve and are 
also responsible for the creep of concrete [Avr81]. Still, usually for short-term static loads 
only elastic and plastic strains are assumed, as viscous strains generally are very small in 
proportion.
When a concrete specimen is loaded statically in compression short-term, a load-deformation 
response is observed as shown in Fig. 2.3. 
fc
stress ?c
?c1 ?cu axial strain ?c-? ?c transverse strain
transverse strain
axial strain
Ec
Fig. 2.3.  Schematic ?-?-curve under compression and mechanical parameters.  
On the left of Fig. 2.3 the course of lateral deformations under compressive load is shown. 
Due to the compressive and tensile stress components within the specimen as shown in 
Fig. 2.2 any longitudinal strains in the direction of the compressive load are accompanied by a 
transverse elongation. Up to a certain stress value these transverse strains are proportional to 
the longitudinal ones for the same stress level and give a Poisson’s ratio, ? = ?t/?l = constant, 
with ?t transverse strain, and ?l axial strain. For ordinary concrete the Poisson’s ratio ranges 
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between 0.10 and 0.35 [Wes93] and may be assumed to be ? = 0.2 for dimensioning 
according to [DIN 1045-1]. 
For axial deformations, typically, an ascending branch is measured, followed by a peak 
(compressive strength), and finally a descending branch, the so-called softening behaviour 
[Mie97a]. Usually for ordinary concrete no evident signs of degradation will be observed up 
to a load of 35 to 60 % of fracture load. This stage of loading is represented by the ascending 
branch of the ?-? curve as shown in Fig. 2.3. The initial part of this ascending branch is more 
or less straight and the slope is called the Young’s modulus (modulus of elasticity). This 
definition of the Young’s modulus on the macro-scale is a simplification as some mechanisms 
on the micro- and meso-scale, like e.g. viscous and plastic strains, as described above, are 
neglected. Also, due to temperature or humidity gradients and drying processes, which may 
lead to chemical and drying shrinkage, stresses at the interface and hence initial micro-cracks 
may have developed already, which will influence the deformation response during the 
ascending part of the ?-? curve [Hsu63, Wes93]. At relatively low loads, these cracks will not 
propagate, and the micro-structure can be considered stationary, giving a nearly linear relation 
in the lower part of the ascending branch of the ?-??relation [Mie97a]. On the meso-scale 
different models to estimate the Young’s modulus on the base of stiffness and volume 
fractions of aggregate and cement paste have been proposed, as mentioned and briefly 
described in [Mie97a]. Still, for dimensioning it seems more appropriate to consider the 
Young’s modulus on the macro-scale assuming linear-elastic behaviour according to Hooke’s 
law, even though like for all concrete characteristics there are numerous variables affecting 
the Young’s modulus, like e.g. w/c ratio and concrete class, type of cement and aggregates, 
stress level as well as the nature and rate of loading. The Young’s modulus, which is used for 
calculation and dimensioning concrete structures, is defined as the slope of a straight line 
representing the ascending part of the ?-? curve. This straight line can be defined either as the 
tangent at the origin of the characteristic ?-? curve, the secant corresponding to a certain 
stress ?c, e.g. 30 % of maximum load according to German Standard [DIN 1048-5], or the 
tangent at the ?-? curve at a certain point ?c on the ordinate. 
In the second stage of compressive loading from 40 to 60 % of fracture load, with continuing 
loading the first crack systems will build up through the merging or branching and bridging of 
the already existing separate micro-cracks. This crack growth can partly be explained by the 
stress state as shown in Fig. 2.2, where the tensile stress components cause splitting forces at 
the interface between aggregate and cement paste, where micro-cracks are most likely to 
develop. Other micro-cracks are caused by self-equilibrating stresses and may find their 
origin in pores, voids and inclinations. Even though micro-cracks start to propagate, up to a 
certain load stage there are energy consuming processes, i.e. crack arresting mechanisms like 
friction between the crack surfaces, crack branching, blocking of cracks at the aggregates, 
voids or pores. Hence, these cracks are stable in time and this range of stable crack systems 
extends up to a load of about 75 to 80 %. Above this, friction forces or other crack arresting 
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mechanisms within the specimen are no longer capable of preventing further crack 
propagation and this leads to the final stage of “progressive” fracture, i.e. stable crack 
propagation leading to macro-cracks. As explained above, these cracks originate in the 
splitting cracks which start to develop if tensile stresses at the aggregates exceed the strength 
of the interface zone. These splitting cracks are considered a main driving force in the fracture 
process [Wis72] and finally lead to complete fracture of the specimen.  
After exceeding the maximum load further deformations can be measured in the descending 
branch as shown in Fig. 2.3. This softening behaviour is a typical feature of heterogeneous 
and quasi-brittle materials like concrete, which offer different mechanisms of load transfer 
even after maximum load, like e.g. friction or crack branching [Mie97a]. Further 
characteristics of the ?-? curve are the strain ?c1 at maximum load (Fig. 2.3) as well as the 
ultimate strain ?cu. These are input parameters for idealised mathematical formulations of the 
?-? behaviour of concrete used for dimensioning concrete structures. 
2.3.2.1 Formulations of ?-? curves in German and International Codes 
As the material behaviour of concrete and deformation load response under compression can 
be characterised by a ?-? curve mathematical formulations have been derived which are based 
on empirical results. According to the German Standard [DIN 1045-1] or the international 
standard Model Code 90 [CEB93] mathematical formulations are given that only require the 
compressive strength as input parameter. Further concrete parameters like e.g. the Young’s 
modulus and the tensile strength may either be derived by different formulas or taken from 
tables depending on the compressive strength as given in these standards. Consequently, 
based on these values, the ?-? relation of concrete under uniaxial compression may be 
expressed by mathematical formulations.  
In the German Standard [DIN 1045-1] under the assumption of short-term uniaxial 
compressive load a mathematical formulation for an idealised ?-? curve is given as follows 
? ? ???
?
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??? ???
21
2
k
k
fcc  for 0 ? ?c ? ?c1u (2.1) 
where
1c
c
?
?? ?  and 
c
c
cm fEk
11.1 ????
?c is the compression strain,??c1 is the strain at maximum load, ?c1u is the ultimate strain, Ecm is 
the Young’s modulus as secant modulus from the origin to a stress value of the ?-? curve at 
40 % of maximum load, fc gives the compressive strength and may be taken as fcm according 
to [DIN 1045-1]. The values of ?c1, ?c1u, Ecm, and fcm are given in tables of this German 
Standard depending on the concrete grade.
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According to the Model Code 90 [CEB93] the ?-? relation is idealised with the following 
mathematical formulation, which is applicable for compressive strengths up to 
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where Eci is the tangent modulus, ?c is the compression stress, ?c is the compression strain, 
?c1u is the ultimate strain, and ?c1 = 0.0022 mm/m. Ec1 is defined as secant modulus from the 
origin of the ?-? curve to the peak compressive stress fcm as Ec1 = fcm/0.0022. fcm is defined as 
the actual compressive strength at an age of 28 days.
The use of the formulas mentioned in the Model Code 90 [CEB93] and in German Standard 
[DIN 1045-1] is restricted to certain strength classes of ordinary concrete as the ???
behaviour of high strength concrete will not be described accurately with these formulas. 
High strength concrete shows a more linear behaviour and a steeper slope in the pre-peak part 
of the ?-? curve. Also, the strain at maximum stress is usually slightly larger. A mathematical 
approximation to describe these different characteristics in the ??? relation for high strength 
concrete under uniaxial compression has been proposed by [Ahm87]. He offers a combination 
of power and exponential equation and gives separate formulas for the pre-peak and post-peak 
part of the ?-??curve. The pre-peak part, which is relevant within this work, as only the ???
relation up to the maximum load is considered, is expressed by
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where Ec may be either derived from the compressive strength according to the formula given 
in [Ahm87] or it may be taken as the secant modulus of elasticity from experimentally 
determined values. 
Furthermore, the shape of the ?-? relations can be described by means of the so-called 
coefficient of fullness ?c as introduced by [Byf80] as follows 
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where fc is the ultimate compressive strength, ?c1 is the strain at ultimate compressive load, ?c
is the compressive stress, and ?c is the strain at a corresponding compressive stress. The 
coefficient of fullness ?c varies between 0.5 and 1.0. ?c = 0.5 which means that the stress 
strain curve has a triangular shape, while??c = 1.0 means that it has a rectangular shape, see 
Fig. 2.4. 
?c = 0.5
?c = 1.0
?c c/f
? ?c ?c1
1.0
1.0
Fig. 2.4. Coefficient of fullness according to [Byf80]. 
Dimensioning
For reasons of simplification the following section about dimensioning refers to the Model 
Code 90 [CEB93], which has a similar approach like the German Standard [DIN 1045-1]. 
Please note that only general cases are considered, special cases which require further 
reduction factors etc. are described in detail in the Model Code 90 [CEB93] and German 
Standard [DIN 1045-1]. 
For dimensioning, i.e. for calculation of the resistance of a concrete structure subjected to 
loads, appropriate simplifications of the above introduced constitutive laws, i.e. the stress-
strain curves as given by Eq. 2.1 or Eq. 2.2, are allowed, especially for cases where the zones 
checked are subjected to essentially uniaxial compression [CEB93]. For ordinary concrete the 
design resistance of an uncracked zone under essentially uniaxial compression may be 
determined by means of a parabola-rectangle diagram (Fig. 2.5) as follows 
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Fig. 2.5. Parabola-rectangle stress-strain diagram for ordinary concrete [CEB93]. 
The parameter fck represents the characteristic compressive strength in N/mm², whereas fcd is 
the design compressive strength in N/mm², which is determined as 
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where ?c is a safety factor for concrete. The strains ?c are absolute values and are positive for 
compression. The coefficient ? of 0.85 and the use of a constant stress for strains from ?c1 to 
?cu allow for the influence of long-term loading. The value ?c1 of 0.002 represents the 
compression strain at ultimate load and has been derived empirically from uniaxial 
compression tests [Rüs55, Rüs61]. The parameter ?cu has been derived from eccentrically 
loaded compression tests under sustained loads [Rüs61]. This value regards that concrete 
experiences higher compression strains in the flexural compression zone in comparison with 
uniaxial compression and also accounts for an increase in strain under sustained loads. In the 
experiments of [Rüs55] it was found that the strains under uniaxial compression are about 
70 % of the compression strains in the flexural compression zone. As a consequence of these 
results [Rüs55, Rüs61] a parabola-rectangle stress-strain diagram with a mean value of ?c1 of 
0.002 and ?cu of 0.0035 was suggested. 
The development of new materials like high strength concrete and further experience with 
concrete lead to a modification of the ultimate strains ?cu taking into account the strength 
grade, as given in e.g. the Model Code 90 [CEB93] or German Standard [DIN 1045-1]. For 
TRC no such standards exist. Hence it is one objective of the present thesis to investigate if 
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where ?c is a safety factor for concrete. The strains ?c are absolute values and are positive for 
compression. The coefficient ? of 0.85 and the use of a constant stress for strains from ?c1 to 
?cu allow for the influence of long-term loading. The value ?c1 of 0.002 represents the 
compression strain at ultimate load and has been derived empirically from uniaxial 
compression tests [Rüs55, Rüs61]. The parameter ?cu has been derived from eccentrically 
loaded compression tests under sustained loads [Rüs61]. This value regards that concrete 
experiences higher compression strains in the flexural compression zone in comparison with 
uniaxial compression and also accounts for an increase in strain under sustained loads. In the 
experiments of [Rüs55] it was found that the strains under uniaxial compression are about 
70 % of the compression strains in the flexural compression zone. As a consequence of these 
results [Rüs55, Rüs61] a parabola-rectangle stress-strain diagram with a mean value of ?c1 of 
0.002 and ?cu of 0.0035 was suggested. 
The development of new materials like high strength concrete and further experience with 
concrete lead to a modification of the ultimate strains ?cu taking into account the strength 
grade, as given in e.g. the Model Code 90 [CEB93] or German Standard [DIN 1045-1]. For 
TRC no such standards exist. Hence it is one objective of the present thesis to investigate if 
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the existing mathematical expressions as used in these standards can be used for fine grained 
concrete or if it is necessary to establish modified or new expressions. Even though TRC 
structures mainly experience tensile loading, there are cases like e.g. bending of plates, I- or 
U-profiles, where also compressive stresses are relevant. Hence, compression tests are 
especially important in the case of TRC as the load deformation response is not known yet for 
the newly developed fine grained binder systems. 
2.3.3 Compression (long-term static loads) 
As designers and engineers need to know the creep properties of concrete and must be able to 
take them into account in the analysis of their structures, it was decided that within this study 
the strain characteristics under sustained loads of the newly developed fine grained concrete 
should be investigated. To evaluate these strains in general, different strains can be 
distinguished (Table 2.1). There are load-independent strains like e.g. shrinkage, and strains 
that are load-dependent, i.e. elastic strains (non time dependent) and creep strains (time 
dependent). All these strains are influenced by matrix composition and climatic conditions, 
and further factors which also influence the mechanical characteristics of concrete as already 
mentioned in Section 2.3.1. 
Table 2.1. Creep and concrete strains. 
Type of strain Dependence of stress or time, and reversibility 
Initial creep strain ?a
Basic creep strain ?f,g
Drying creep strain ?f,dr
irreversible
Creep
strain
?c Elastic post-action strain ?v
stress dependent time dependent 
reversible
Elastic strain ?ci stress dependent time independent reversible 
Shrinkage strain ?cs stress independent time dependent irreversible?
In general, shrinkage deformations (?cs) describe the physically and chemically based 
deformations of concrete without any external load effects. The drying shrinkage is caused by 
the loss of water due to diffusion processes, while the endogenous shrinkage is due to 
chemical reactions during the hydration process where the chemical reaction products are of 
smaller volume size than the original material components. In general, shrinkage is taken to 
include autogenous volume changes, unless these are determined separately. 
The elastic strains (?ci) of concrete directly depend on the applied load and usually are 
defined by the Young’s modulus according to Hooke’s law assuming linear-elastic material 
behaviour up to a certain load. The non-linearity of the stress-strain behaviour of concrete due 
to viscous strains, micro-cracks and further crack development has been explained already in 
Section 2.3.2. Furthermore, the deviation of the ?-? curve from linearity is also influenced by 
the load rate, i.e. in the theoretical case of infinite fast load rate a linear ?-? curve would be 
determined [Rüs60, Mih80]. 
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Concrete creep denotes a deformation developing over time under the action of stresses where 
duration does not equal zero. The time dependent creep strain (?cc) generally describes the 
deformation of concrete subject to sustained (static) load, but already during loading creep 
strains may develop, which increase with applied load. The total creep strain ?cc principally 
contains reversible and non-reversible deformations. A direct and also delayed reversible 
elastic post-action ?v is observed if a creep specimen is unloaded. This elastic deformation 
may be determined only by unloading a specimen, and hence, in experiments is considered as 
part of the creep deformation ?cc because it is not distinguishable from the irreversible strains 
under sustained load. Considering the irreversible strains, usually very high strains ?a are 
observed at the beginning of testing within the first few days. These strains increase with 
decreasing concrete age and are strongly influenced by the degree of hydration. The 
remaining strains ?f are of irreversible nature and are caused by yielding, which is strongly 
influenced by the climatic conditions (temperature, humidity). If a sealed storage at a constant 
temperature is chosen, i.e. there is no humidity or temperature gradient within the specimen 
volume, only basic creep strain ?f,g will be determined, which amounts to the main part of the 
total creep strain ?cc. If non-sealed specimens are investigated, additionally drying creep 
strains ?f,dr will be measured.  
The basic creep strain continuously increases with a steadily decreasing increment. From the 
practical point of view the creep process is limited, but it is not clear if there is a limiting 
value from the mathematical point of view, which is relevant for the models and time 
functions for the prediction of the creep strains over time (Section 5.4.3).  
Within this work the considerations of the creep behaviour will be analysed with the 
International Standard of the Model Code 90 [CEB93] only, where currently the same 
formulas are used as within the German Standard DIN 1045-1 [DIN 1045-1]. Also note that 
thermal strains were not investigated within this study and hence are not considered within the 
formulas in the following. 
2.3.3.1 Creep
As explained above there are various types of deformation and associated phenomena in 
concrete, but in general a material shows creep if its deformation increases with time under a 
constant stress. Please note that creep is not quite synonymous with flow, for flow is 
considered as a functional relation between rate of strain and stress (e.g. Newton’s law of 
viscosity). On the other hand it is assumed that there is a relation between stress and strain 
(e.g. Hooke’s law) and in addition there is strain which is dependent on the presence, 
magnitude and duration of the applied stresses. Thus, the ?-? relation is a function of time, 
and there is no clear-cut boundary between flow and creep [Nev83].  
Currently, there is no generally accepted theory about creep strains, which would describe all 
observed phenomena in one single model. There are even controversial theories about 
different phenomena – scientists in general agree on the seepage theory [Pow66] and viscous 
strains [Thom37] only. According to the Seepage theory the creep behaviour is related to 
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water movement within the structure either due to an outer pressure [Vai61] or in line with 
thermodynamic equilibrium conditions [Pow66, Pow68]. The idea of viscous strains is based 
on the association of hydrated cement as a high-viscosity fluid. Here, water only functions as 
a kind of lubricating film, which would explain creep deformations also for dry cement pastes 
as observed by e.g. [Wit70]. A detailed review of these hypothesis about creep is given in 
[Nev83].
Creep is sensitive to many properties of concrete like e.g. the w/c ratio, stiffness and volume 
of aggregates, cement type, and furthermore is influenced by concrete age and climatic 
conditions during testing. In general, the creep deformations will decrease with decreasing 
w/c ratio due to a lower amount of chemically free water. Additionally, with decreasing water 
content the shrinkage creep will be reduced [Mue86, Mue02]. At a constant w/c ratio, an 
increase in cement content will lead to a higher volume of cement paste, where creep strains 
take place and consequently lead to an increase of creep strains. In contrast, the aggregate is 
considered to be independent of creep strains. Aggregates influence these processes rather 
indirectly by volume content, stiffness or bonding characteristics of the interfacial zone 
[Kor60]. The replacement of cement by fly ash with a ratio 1:1 at a constant w/b = w/(c+1?f) 
will lead to higher creep deformations, as the concrete mixed with fly ash will show a slower 
strength development due to the pozzolanic reactions and consequently lower resistance to 
creep strains. 
For comparing the creep deformations of different concrete mixtures the age at application of 
load as well as the potential of strength development with increasing age should be 
considered. The rate of creep during the first weeks under load is much larger for concrete 
loaded at an early age than for older concrete [Dav34], but this influence was found negligible 
for ages at load application higher than about 28 days [Nev83].
Furthermore, the climatic conditions during testing have to be taken into account. If non-
sealed concrete specimens are tested, humidity gradients between specimen and relative 
humidity of the surrounding climate may cause additional drying creep strains. According to 
[Wes93] the creep deformations will be found at higher levels for a high humidity at the age 
of load application as subsequently showing significant drying processes. For a sealed storage 
the creep strains will not be affected by drying processes and the basic creep strain may be 
determined. 
In the most general form, the strain-time curve for a material subject to creep is of the shape 
shown in Fig. 2.6. The strain at zero time is primarily elastic but may include a non-elastic 
component. Thereafter, there are three stages of creep. In the primary creep range the rate of 
creep decreases with time. If the material exhibits a minimum creep rate, the secondary creep 
range (stationary creep) designates the range of steady creep. The straight line relation of 
secondary creep may be a convenient approximation when the magnitude of this creep is large 
in comparison with primary creep. For normal working levels of stress in concrete, which is 
generally 25 to 40 % of the short-term strength, primary creep cannot be distinguished from 
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creep decreases with time. If the material exhibits a minimum creep rate, the secondary creep 
range (stationary creep) designates the range of steady creep. The straight line relation of 
secondary creep may be a convenient approximation when the magnitude of this creep is large 
in comparison with primary creep. For normal working levels of stress in concrete, which is 
generally 25 to 40 % of the short-term strength, primary creep cannot be distinguished from 
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water movement within the structure either due to an outer pressure [Vai61] or in line with 
thermodynamic equilibrium conditions [Pow66, Pow68]. The idea of viscous strains is based 
on the association of hydrated cement as a high-viscosity fluid. Here, water only functions as 
a kind of lubricating film, which would explain creep deformations also for dry cement pastes 
as observed by e.g. [Wit70]. A detailed review of these hypothesis about creep is given in 
[Nev83].
Creep is sensitive to many properties of concrete like e.g. the w/c ratio, stiffness and volume 
of aggregates, cement type, and furthermore is influenced by concrete age and climatic 
conditions during testing. In general, the creep deformations will decrease with decreasing 
w/c ratio due to a lower amount of chemically free water. Additionally, with decreasing water 
content the shrinkage creep will be reduced [Mue86, Mue02]. At a constant w/c ratio, an 
increase in cement content will lead to a higher volume of cement paste, where creep strains 
take place and consequently lead to an increase of creep strains. In contrast, the aggregate is 
considered to be independent of creep strains. Aggregates influence these processes rather 
indirectly by volume content, stiffness or bonding characteristics of the interfacial zone 
[Kor60]. The replacement of cement by fly ash with a ratio 1:1 at a constant w/b = w/(c+1?f) 
will lead to higher creep deformations, as the concrete mixed with fly ash will show a slower 
strength development due to the pozzolanic reactions and consequently lower resistance to 
creep strains. 
For comparing the creep deformations of different concrete mixtures the age at application of 
load as well as the potential of strength development with increasing age should be 
considered. The rate of creep during the first weeks under load is much larger for concrete 
loaded at an early age than for older concrete [Dav34], but this influence was found negligible 
for ages at load application higher than about 28 days [Nev83].
Furthermore, the climatic conditions during testing have to be taken into account. If non-
sealed concrete specimens are tested, humidity gradients between specimen and relative 
humidity of the surrounding climate may cause additional drying creep strains. According to 
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2.3 Mechanical behaviour of concrete - Compression 27
secondary creep, and tertiary creep does not exist. In this case, creep is simply defined as the 
gradual increase in strain over time under a sustained stress [Nev83]. Hence, for concrete 
stresses ?c satisfying
cc fk ???  (2.9)
(where k indicates the load rate related to the ultimate compressive strength fc) creep strains – 
and initial (instantaneous) elastic strains too – are proportional to sustained stresses. However, 
they develop with time at a higher rate immediately subsequent to loading, and subsequently 
slow down until the phenomenon is completely damped out (theoretically for t = ?). Within 
the limits of these stresses creep is considered to be linear. The coefficient k may vary within 
rather wide limits (e.g. 0.30 to 0.75 for ordinary concrete) as a function of concrete type in the 
first place, and of its age and time of load application in the second.  
The tertiary creep may exist, if higher stresses are applied. At higher stresses creep strains are 
not proportional to the stresses and non-linear concrete creep is observed characterised by a 
deterioration in the compactness as a consequence of micro-crack development within the 
cement paste.  
cDcc ffk ??? ?  (2.10)
In Eq. 2.10 fcD denotes the concrete strength under the action of long-term static loads, where 
fcD is about 0.8 to 0.9 fc. When the concrete stresses exceed fcD (the so-called static fatigue), 
concrete undergoes deformations which are not damped out in time under the action of 
sustained static loads and, sooner or later, they result in concrete failure.
Usually the determination of the characteristic parameters of creep is restricted to linear creep. 
Hence, an increase factor ? has been introduced [Gra85] which accounts for the non-linear 
increase of creep strains at high load levels in comparison with linear creep which is assumed 
at lower load levels (Eq. 2.9). This increase factor ? is determined either on the base of the 
specific creep strain tcc,?  or creep coefficient ? as follows
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where ?t is the increase factor at time t, k is the load rate related to the ultimate compressive 
strength fc, ?t is the creep coefficient at time t for the corresponding load rate k, tcc,?  is the 
specific creep strain at time t, ?t (k ? 0) or tcc,?  (k ? 0) are these characteristic values at 
time t for a possibly low load level.  
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Fig. 2.6. General form of the strain-time curve for concrete subject to creep according to [Nev83]. 
In the following the definitions of characteristic creep values are given, i.e. the basic creep 
strain ?cc, specific creep strain tcc,? , and the creep coefficient ?.
Usually, and within this study, the basic creep strain ?cc at time t > t0 of a concrete specimen 
(or structure) which is uniaxially loaded at a time t0 with a constant stress ?c is given as the 
total creep strain ?c at time t reduced by the initial strain at loading ?ci taken as a constant 
[Mue86], and the shrinkage strain ?cs, as follows, according to the Model Code 90 [CEB93] 
? ? ? ? ? ? ? ?tttt csciccc ???? ???  (2.12) 
Usually the total creep strain ?c(t), or basic creep, as measured in the experiment is related to 
the measuring length and hence is either a dimensionless value or given in mm/m, or o/oo. The 
creep strain defined in this way always also contains the fraction of drying creep in an 
unknown quantity [Ali64, Rue68].
The creep coefficient ? for a constant stress ?c applied at time t0 is defined as ratio of basic 
creep and elastic creep strain as follows according to [CEB93] 
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where ?cc(t,t0) is the basic creep strain at time t > t0, ?ci,28 is the elastic strain and Ec the 
Young’s modulus at the concrete age of 28 days related to the chosen stress level ?c at time t0.
This creep coefficient ? has to be considered carefully for a direct comparison of different 
concrete types as the basic creep strain is related to an elastic strain which is not directly 
proportional to the creep strain. This comparison is only sensible for concrete mixtures which 
offer the same elastic strains. 
The specific creep strain cc?  describes the basic creep strain ?cc at time t > t0 in relation to the 
chosen stress level ?c at time t0. The formulation is sensible for service loads, where creep 
strains are considered proportional to the applied load, and provides a parameter for 
describing the creep strains independent of stresses. 
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The evaluation of the creep behaviour of different concrete grades with the specific creep 
strain cc?  is limited. Usually the applied load is related to the compressive strength of a 
concrete at time of loading, and consequently for the same testing conditions any observed 
differences in creep strain usually may be explained by the matrix compositions. Such 
differences cannot be expressed with the specific creep strain, but only with the basic creep 
strain ?cc.
In order to describe the physical phenomena of creep different rheological models have been 
applied to establish through rheologic state equations (laws) the ?-? relationships of a body, 
but these are not discussed within this study. Partly based on these rheological models, 
different time dependent functions have been proposed for the prediction of creep strains and 
final characteristic creep values. Usually these functions are fitted to the experimental data, 
and then, values of higher concrete ages are derived by extrapolation. Generally known 
function are e.g. an exponential function according to Dischinger [Dis37], a power function 
by Straub and Shank [Str30], a hyperbolic function (Ross hyperbola) [Ros37], the extended 
Branson hyperbola [Bran77], the logarithmic function by Hanson [Hans53], and the double-
power logarithmic law of Bazant [Baz84a, Baz91]. A detailed description of these models and 
time dependent functions is given in [Avr81, Nev83, Mue86, Wes93].
In preliminary tests [Hin04] the Branson hyperbola was found to give best results for the 
prediction of creep strains and the determination of final characteristic creep values for fine 
grained concrete, and hence was used within this study. This function is given as follows
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where a, b, and c are free parameters which may be determined by regression analysis.  
Furthermore, prediction models have been proposed for the evaluation of long-term strains, 
which use the above mentioned time dependent functions, and additionally, take into 
consideration influences on the creep strains like climatic conditions, age of load application 
and compressive strengths. Within this study the prediction model of the Model Code 90 
[CEB93] was used and evaluated for the application of fine grained concrete. This model is 
based on the following creep function
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where J(t,t0) is the creep function representing the total stress dependent strain per unit stress, 
?(t,t0) is the creep coefficient (Eq. 2.13), Ec is the Young’s modulus at the concrete age of 
28 days, ?c(t0) is the chosen stress level ?c at time t0, ?ci(t0) is the initial strain at loading, ?cc(t)
is the basic creep strain at time t > t0. The corresponding formulas can be found in [CEB93]. 
This model generally is valid for ordinary concrete (? 80 N/mm²) subjected to a compressive 
2.3 Mechanical behaviour of concrete - Compression 29
? ? ? ?? ?0
0
0
,
,
t
tt
tt
c
cc
cc ?
?? ?  (2.14) 
The evaluation of the creep behaviour of different concrete grades with the specific creep 
strain cc?  is limited. Usually the applied load is related to the compressive strength of a 
concrete at time of loading, and consequently for the same testing conditions any observed 
differences in creep strain usually may be explained by the matrix compositions. Such 
differences cannot be expressed with the specific creep strain, but only with the basic creep 
strain ?cc.
In order to describe the physical phenomena of creep different rheological models have been 
applied to establish through rheologic state equations (laws) the ?-? relationships of a body, 
but these are not discussed within this study. Partly based on these rheological models, 
different time dependent functions have been proposed for the prediction of creep strains and 
final characteristic creep values. Usually these functions are fitted to the experimental data, 
and then, values of higher concrete ages are derived by extrapolation. Generally known 
function are e.g. an exponential function according to Dischinger [Dis37], a power function 
by Straub and Shank [Str30], a hyperbolic function (Ross hyperbola) [Ros37], the extended 
Branson hyperbola [Bran77], the logarithmic function by Hanson [Hans53], and the double-
power logarithmic law of Bazant [Baz84a, Baz91]. A detailed description of these models and 
time dependent functions is given in [Avr81, Nev83, Mue86, Wes93].
In preliminary tests [Hin04] the Branson hyperbola was found to give best results for the 
prediction of creep strains and the determination of final characteristic creep values for fine 
grained concrete, and hence was used within this study. This function is given as follows
? ? ? ?
? ?c
c
cc
ttb
tta
t
0
0
??
??
??  (2.15) 
where a, b, and c are free parameters which may be determined by regression analysis.  
Furthermore, prediction models have been proposed for the evaluation of long-term strains, 
which use the above mentioned time dependent functions, and additionally, take into 
consideration influences on the creep strains like climatic conditions, age of load application 
and compressive strengths. Within this study the prediction model of the Model Code 90 
[CEB93] was used and evaluated for the application of fine grained concrete. This model is 
based on the following creep function
? ? ? ?? ? ? ? ? ? ? ?? ?0000
0
0 ,
1,1
, ttt
ttE
tt
ttJ ccci
cc
??
?
?
??
?
?  (2.16) 
where J(t,t0) is the creep function representing the total stress dependent strain per unit stress, 
?(t,t0) is the creep coefficient (Eq. 2.13), Ec is the Young’s modulus at the concrete age of 
28 days, ?c(t0) is the chosen stress level ?c at time t0, ?ci(t0) is the initial strain at loading, ?cc(t)
is the basic creep strain at time t > t0. The corresponding formulas can be found in [CEB93]. 
This model generally is valid for ordinary concrete (? 80 N/mm²) subjected to a compressive 
2.3 Mechanical behaviour of concrete - Compression 29
? ? ? ?? ?0
0
0
,
,
t
tt
tt
c
cc
cc ?
?? ?  (2.14) 
The evaluation of the creep behaviour of different concrete grades with the specific creep 
strain cc?  is limited. Usually the applied load is related to the compressive strength of a 
concrete at time of loading, and consequently for the same testing conditions any observed 
differences in creep strain usually may be explained by the matrix compositions. Such 
differences cannot be expressed with the specific creep strain, but only with the basic creep 
strain ?cc.
In order to describe the physical phenomena of creep different rheological models have been 
applied to establish through rheologic state equations (laws) the ?-? relationships of a body, 
but these are not discussed within this study. Partly based on these rheological models, 
different time dependent functions have been proposed for the prediction of creep strains and 
final characteristic creep values. Usually these functions are fitted to the experimental data, 
and then, values of higher concrete ages are derived by extrapolation. Generally known 
function are e.g. an exponential function according to Dischinger [Dis37], a power function 
by Straub and Shank [Str30], a hyperbolic function (Ross hyperbola) [Ros37], the extended 
Branson hyperbola [Bran77], the logarithmic function by Hanson [Hans53], and the double-
power logarithmic law of Bazant [Baz84a, Baz91]. A detailed description of these models and 
time dependent functions is given in [Avr81, Nev83, Mue86, Wes93].
In preliminary tests [Hin04] the Branson hyperbola was found to give best results for the 
prediction of creep strains and the determination of final characteristic creep values for fine 
grained concrete, and hence was used within this study. This function is given as follows
? ? ? ?
? ?c
c
cc
ttb
tta
t
0
0
??
??
??  (2.15) 
where a, b, and c are free parameters which may be determined by regression analysis.  
Furthermore, prediction models have been proposed for the evaluation of long-term strains, 
which use the above mentioned time dependent functions, and additionally, take into 
consideration influences on the creep strains like climatic conditions, age of load application 
and compressive strengths. Within this study the prediction model of the Model Code 90 
[CEB93] was used and evaluated for the application of fine grained concrete. This model is 
based on the following creep function
? ? ? ?? ? ? ? ? ? ? ?? ?0000
0
0 ,
1,1
, ttt
ttE
tt
ttJ ccci
cc
??
?
?
??
?
?  (2.16) 
where J(t,t0) is the creep function representing the total stress dependent strain per unit stress, 
?(t,t0) is the creep coefficient (Eq. 2.13), Ec is the Young’s modulus at the concrete age of 
28 days, ?c(t0) is the chosen stress level ?c at time t0, ?ci(t0) is the initial strain at loading, ?cc(t)
is the basic creep strain at time t > t0. The corresponding formulas can be found in [CEB93]. 
This model generally is valid for ordinary concrete (? 80 N/mm²) subjected to a compressive 
2.3 Mechanical behaviour of concrete - Compression 29
? ? ? ?? ?0
0
0
,
,
t
tt
tt
c
cc
cc ?
?? ?  (2.14) 
The evaluation of the creep behaviour of different concrete grades with the specific creep 
strain cc?  is limited. Usually the applied load is related to the compressive strength of a 
concrete at time of loading, and consequently for the same testing conditions any observed 
differences in creep strain usually may be explained by the matrix compositions. Such 
differences cannot be expressed with the specific creep strain, but only with the basic creep 
strain ?cc.
In order to describe the physical phenomena of creep different rheological models have been 
applied to establish through rheologic state equations (laws) the ?-? relationships of a body, 
but these are not discussed within this study. Partly based on these rheological models, 
different time dependent functions have been proposed for the prediction of creep strains and 
final characteristic creep values. Usually these functions are fitted to the experimental data, 
and then, values of higher concrete ages are derived by extrapolation. Generally known 
function are e.g. an exponential function according to Dischinger [Dis37], a power function 
by Straub and Shank [Str30], a hyperbolic function (Ross hyperbola) [Ros37], the extended 
Branson hyperbola [Bran77], the logarithmic function by Hanson [Hans53], and the double-
power logarithmic law of Bazant [Baz84a, Baz91]. A detailed description of these models and 
time dependent functions is given in [Avr81, Nev83, Mue86, Wes93].
In preliminary tests [Hin04] the Branson hyperbola was found to give best results for the 
prediction of creep strains and the determination of final characteristic creep values for fine 
grained concrete, and hence was used within this study. This function is given as follows
? ? ? ?
? ?c
c
cc
ttb
tta
t
0
0
??
??
??  (2.15) 
where a, b, and c are free parameters which may be determined by regression analysis.  
Furthermore, prediction models have been proposed for the evaluation of long-term strains, 
which use the above mentioned time dependent functions, and additionally, take into 
consideration influences on the creep strains like climatic conditions, age of load application 
and compressive strengths. Within this study the prediction model of the Model Code 90 
[CEB93] was used and evaluated for the application of fine grained concrete. This model is 
based on the following creep function
? ? ? ?? ? ? ? ? ? ? ?? ?0000
0
0 ,
1,1
, ttt
ttE
tt
ttJ ccci
cc
??
?
?
??
?
?  (2.16) 
where J(t,t0) is the creep function representing the total stress dependent strain per unit stress, 
?(t,t0) is the creep coefficient (Eq. 2.13), Ec is the Young’s modulus at the concrete age of 
28 days, ?c(t0) is the chosen stress level ?c at time t0, ?ci(t0) is the initial strain at loading, ?cc(t)
is the basic creep strain at time t > t0. The corresponding formulas can be found in [CEB93]. 
This model generally is valid for ordinary concrete (? 80 N/mm²) subjected to a compressive 
30 2 Literature review
stress < 0.40 fc (t0) at an age of load application t0, exposed to a mean relative humidity of 
about 40 to 100 % RH and temperature of 5 to 30 °C.  
2.3.3.2 Sustained loads 
It was also the objective of this study to determine the creep behaviour and static fatigue of 
fine grained concrete under sustained loads. A failure under sustained loads is observed if 
sufficiently high sustained stresses induce tertiary creep (Fig. 2.6) which produces time 
dependent failure. This observed tertiary creep is caused by crack development and 
deterioration within the specimen, even though for very brittle materials it may not be 
possible to observe this tertiary creep due to a sudden failure. The level of stress usually 
amounts 0.7 to 0.9 of the short-term static strength of concrete. Creep increases the total strain 
until this reaches a limiting value corresponding to the ultimate strain of the given concrete. 
This statement implies a limiting strain concept of failure of concrete. It may be noted, 
however, that the total strain in the case of time dependent failure under sustained loads may 
be considerably higher than in a rapid strength test [Nev83]. The results of tests under 
sustained loads at high stress levels will show a high scatter due to the non-predictive crack 
development and scatter of compressive strength of the used specimens. Hence, usually the 
static fatigue will approximate that load level where some specimens will fail while others 
endure the same loads. Under sustained load a gain in strength due to solidification of the 
structure and ongoing strength development of the concrete has been observed [Nev83]. Thus 
a failure over time is not to be expected if there is a gain in strength during loading. This can 
be investigated only for unbroken specimens after interrupting the test under sustained load 
and subsequent determination of the compressive strengths. If an increase in compressive 
strength is determined in comparison with the original mean value, a solidification of the 
structure and hence a continuing load-bearing capacity may be assumed, but also an increase 
of strength due to hydration effects has to be considered. 
2.4 Mechanical behaviour of concrete - Tension (short-term static loads) 
2.4.1 Introduction 
Concrete under short-term uniaxial static tensile load typically shows a load-deformation 
response as shown in Fig. 2.7. 
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Fig. 2.7. a) Sketch of ?-? relation under tension and crack development according to [Dud91]: (i) 
micro-cracking (ii) micro-crack accretion as crack band (iii) accretion of micro-, and 
meso-cracks leading to crack opening.  
b) Model of stress distribution in ordinary concrete under tension. 
In principle, there are the same mechanisms of crack initiation and crack propagation as for 
compression (Section 2.3.2), where tension stresses will initiate the onset of micro-crack 
development most presumably at weakened regions like e.g. voids and pores, already existing 
micro-cracks, and the interfacial zone between aggregate and cement paste (Fig. 2.7 b). (i) 
Corresponding to the compressive ?-??curves, the initial nearly linear part of the ?-? curve 
represents the Young’s modulus and will show a deviation from linearity with increasing load 
due to the propagation of already existing micro-cracks and formation of new ones. (ii) With 
further increase in load there is further micro-cracking and even before reaching the ultimate 
load the crack development will concentrate in one region of the cross-section, i.e. a crack 
band or fracture zone [Hils63]. After maximum load the crack band will form a system of 
cracks (micro- and meso-cracks) and a steep slope of the descending branch of the ?-? curve 
indicates fast softening of the concrete, which again is localised in one part of the cross-
section. (iii) Afterwards, a flattening of the curve is observed as then the dominating 
mechanisms are load transfer by crack branching [Mie91] and friction or interlock of the 
crack surfaces [Dud91], see also Section 2.3.2. With increasing deformations, macro-cracks 
will finally start to grow and lead to complete failure.  
For compression, the material behaviour may be sufficiently characterised by a ?-? curve 
(Fig. 2.3, Section 2.3) as even under load the stresses and strains are assumed to be distributed 
evenly within the entire volume of the specimen as considered on the macro-scale (apart from 
influence of frictional forces between load plate and specimen during testing). This is not the 
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case for tension, as the stresses and deformations will concentrate in one region of the 
specimen (Fig. 2.7). Hence, the measured ?-? curve does not represent the material 
characteristics throughout the whole volume of the specimen during loading. This explains 
the need for other approaches which allow for a description of the material behaviour under 
tension in a more realistic way. Hence, the most common fracture models are mentioned in 
the following.  
2.4.2 Fracture mechanical approaches 
In general, the aim of describing the fracture mechanisms of concrete by either analytical or 
numerical models is to predict the critical load stage and the onset of failure. As described 
above, tensional forces cause crack development in weakened areas (even for compressive 
failure, Section 2.3.2). For this reason, fracture mechanical models are applied, which 
generally describe the reduction in the theoretical strength of any material under tensional 
stresses due to irregularities within the material. Furthermore, more specific or modified 
fracture models have been proposed to account for the special features of concrete, like e.g. 
the heterogeneity of the material and its specific processes of crack development. Usually, the 
crack development in concrete is modelled as shown in Fig. 2.8, where a macro-crack, which 
is defined by no stress transfer, will be preceded by a so-called fracture process zone (FPZ), 
which is characterised by the accumulation of micro-cracks, and is capable of stress transfer. 
These specific mechanisms of stress transfer within the fracture process zone ahead of a crack 
tip in concrete should be borne in mind for evaluating the applicability of fracture mechanical 
models for concrete.
In contrast to metals, where the yielding of material is caused by shear deformations and 
therefore the properties are strongly affected by the state of stress, in concrete the fracture 
zone is characterised by the development of micro-cracks (this fracture zone corresponds to 
the zone of plastic deformations assumed for metals) and is not accompanied by substantial 
contractions and no shear deformations take place. For this reason, no essential difference 
exists between plane stress or plane strain conditions, and therefore the width of the specimen 
(the length of crack front) is assumed to be of minor importance for concrete [Hil83].  
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crack development in concrete is modelled as shown in Fig. 2.8, where a macro-crack, which 
is defined by no stress transfer, will be preceded by a so-called fracture process zone (FPZ), 
which is characterised by the accumulation of micro-cracks, and is capable of stress transfer. 
These specific mechanisms of stress transfer within the fracture process zone ahead of a crack 
tip in concrete should be borne in mind for evaluating the applicability of fracture mechanical 
models for concrete.
In contrast to metals, where the yielding of material is caused by shear deformations and 
therefore the properties are strongly affected by the state of stress, in concrete the fracture 
zone is characterised by the development of micro-cracks (this fracture zone corresponds to 
the zone of plastic deformations assumed for metals) and is not accompanied by substantial 
contractions and no shear deformations take place. For this reason, no essential difference 
exists between plane stress or plane strain conditions, and therefore the width of the specimen 
(the length of crack front) is assumed to be of minor importance for concrete [Hil83].  
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At first linear-elastic fracture mechanics (LEFM) has been used for evaluation of the fracture 
of concrete under tensile load. LEFM describes the elastic fields in cracked bodies of any 
purely elastic and homogeneous material. However, due to the heterogeneity of concrete and 
its quasi-brittle fracture behaviour LEFM only apply under very specific conditions for the 
prediction of concrete strength and its fracture (Section 2.4.2.1).  
Consequently, non-linear fracture mechanical models and their specific fracture mechanical 
parameters have been applied in order to describe the fracture behaviour and predicted critical 
concrete strengths in a more reliable way. A detailed description of the historical development 
of fracture mechanics and the derivation of fundamental formulations of concrete fracture 
mechanisms can be found in handbooks and other studies, like e.g. [Kan85, Kno73, Tim84]. 
In the following sections only those models are introduced which are relevant for the chosen 
linear and non-linear fracture mechanical concepts to analyse the experimental results within 
this work. Furthermore, the analysis is restricted to mode I, where the crack lies in the plane 
of geometrical and loading symmetry of the structure, and therefore, no shear stresses act on 
the crack plane. 
2.4.2.1 Linear-elastic fracture mechanics based approaches
Energy criteria 
Considering an infinite plate with a crack or notch of length 2a under uniaxial tension as 
shown in Fig. 2.9, stress peaks will be formed at the crack tip, which lead to a reduction in 
strength in comparison with a non-notched material. Griffith [Gri20] introduced an energy 
based concept (energy criteria) to describe the critical stress, i.e. the onset of unstable crack 
growth, within such an infinite plate, and defines the energy required to create further crack 
surface development (S) to be equal to the elastic deformation energy released by the crack 
opening process (W). For stable crack growth the crack will consume as much energy from 
the system as is needed to overcome the resistance (R) of the material to crack growth. 
Considering one half of such a plate (Fig. 2.9) and according to symmetry this leads to 
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where
dS/da- change in surface energy for crack propagation with length da 
? - specific surface energy 
R- material resistance to crack propagation 
dW/da- elastic energy set free during crack propagation with length da 
?cr- critical stress 
a- half length of crack  
E’- modulus of elasticity (E – for plane stress; E/(1-?? - for plane strain) 
E- Young’s modulus 
?- Poisson’s ratio
GIc- critical rate of energy release for tension (mode I) 
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Fig. 2.9. Schematic plot of Griffith’s crack according to [Gri20].  
Solving Eq. 2.17 for ?cr yields
a
E
cr ?
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'2?  (2.18) 
According to Eq. 2.18 unstable crack growth will be initiated if the critical stress ?cr is 
reached, i.e. in an ideal-elastic material crack growth can be suppressed only by a reduction of 
the applied load corresponding to the stress ?. Furthermore, this theory implies that the 
stresses at the crack tip will theoretically become infinite for a sharply edged crack, leading to 
a mathematical singularity as described by Inglis [Ing13], even though in a real material the 
stresses cannot exceed the material strength. To account for this problem, modified concepts 
have been developed, e.g. by Orowan [Oro50] and Irwin [Irw57], both of whom assumed a 
further energy consumption ?p by plastic deformations at the crack tip within a very small 
zone in comparison with the crack length, and redefined the material resistance R to crack 
propagation by introducing the energy release rate GIc as follows 
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where ?p is the energy consumed by plastic deformations at the zone near the crack tip. As 
crack propagation starts at GIc = R, usually in Irwin’s modified expression of ?cr the critical 
rate of energy release GIc is used instead of the material resistance to crack propagation R, see 
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Stress intensity factor (fracture toughness) 
Another approach to avoid the problem of stress singularity at the crack tip is to determine the 
stress peaks not at the crack tip but only in its direct proximity. Based on the resulting stress 
distributions, which are described in detail in [Tad00], Irwin [Irw57] introduced a stress 
intensity factor KI, which for the case of uniaxial tension (mode I) of a finite plate (Fig. 2.9) is 
defined as follows 
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where a correction function F(a/d) is introduced to account for crack formation, load type and 
specimen geometry (where d is the height of cross-section). These form functions of F(a/d) 
are based on empirical and numerical results and may be found in e.g. [Mur87, Tad00]. For 
very large structures the form factor is given as F(a/d) = 1, assuming the conditions of an 
infinite plate fulfilled. 
According to this expression (Eq. 2.21) crack propagation is initiated when the stress intensity 
factor KI reaches a critical value KIc, which is called the fracture toughness. The relation 
between the rate of energy release GIc and the fracture toughness KIc is given by solving 
Eq. 2.20 and 2.21 for ? as follows 
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Due to this relation, KIc may be determined in the same way as GIc by means of e.g. notched 
tension or 3-point bend tests.
For a single edge notched 3-point bend specimen as shown in Fig. 6.2 (Section 6.2.2) the 
stress intensity factor KIc is calculated according to Eq. 2.21 where ? = (3lsP)/(2bd²) where ls
is the span, P the load, b is the specimen width, and d is the beam depth. The corresponding 
stress intensity form function is taken from the handbook of [Mur87] according to [Sra76] as 
follows  
2
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where ? = (a/d). This formulation has been derived for the case of span ls = 4?d, while it is 
given as follows for a span ls = 8?d according to [Brow66]
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The 3-point bend specimens used for the experimental investigations within this work have a 
span of ls = 5?d. In this case linear interpolation can be used according to [RIL90a] with the 
following expression which is used for 4 < ls/d < 10 
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Applicability of LEFM 
According to the above mentioned formulas, for a given crack length a the critical stress ?cr
(onset of unstable crack growth) may be derived from the material characteristic value GIc, or 
KIc. In practice, the crack length a in concrete is not known and therefore tension tests for 
example are carried out on notched specimens, where the notch depth represents the crack 
length a, to determine these fracture mechanical parameters GIc, or KIc, which then correspond 
to the maximum loads in the specific test. Assuming these experimentally determined 
parameters to be material constants this theoretically allows for the prediction of the critical 
strength ?cr of the concrete for other specimen sizes by using the appropriate form factors, but 
strictly speaking these fracture mechanical parameters of LEFM may be used without 
restriction only if the following conditions are met [Mec00]: 
? Sharply edged crack tip 
? Propagation of single crack that does not transfer stresses 
? Crack length is limited within certain boundaries 
? Linear-elastic material (Eq. 2.18) or elastic-plastic material with plastic deformations in 
direct proximity of crack tip (Eq. 2.20) 
? Homogeneity of material 
? Sufficient width of specimen or structure (plane strain) 
In general, these conditions are not met by such a heterogeneous and quasi-brittle material as 
concrete and hence, LEFM may not give reliable results for the evaluation of the crack 
development, load bearing capacity and fracture behaviour for concrete elements of usual size 
[Hil83]. Usually, the most natural definition of a crack tip in fracture mechanics is the point of 
no stress transfer, but in contrast to an ideal linear-elastic material behaviour, the fracture of 
concrete is preceded by micro-cracking (Fig. 2.8). One consequence of this is that no well 
defined crack tip can be identified as there is a gradual disruption with increasing deformation 
and cracking within the fracture zone, and the fact that a crack is visible therefore is no proof 
that the stress has fallen to zero. Thus, as mentioned before, the approaches of LEFM 
described above are never strictly applicable to concrete. LEFM can rather be considered a 
limiting case when the length of the FPZ approaches zero. Consequently, for very massive 
structures, like e.g. dams, LEFM may be used as a reasonable approximation, assuming the 
original crack length to be small in comparison with the structural dimension (condition of an 
infinite plate) and the FPZ negligible. In this case, the material may be approximately 
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assumed to be homogeneous and the conditions of LEFM fulfilled. Also, LEFM may apply 
for brittle materials, which do not show any significant softening behaviour.
According to the explanations above, in many investigations in regard to the fracture 
behaviour of concrete it has been shown that the LEFM parameters GIc, and KIc, show a 
dependence on specimen geometry and hence may not be considered pure material constants 
and do not allow a reliable prediction of strength and failure of concrete structures [Hil83, 
Hils85b, Mec00, Wol96]. Still, sometimes LEFM is applied to evaluate the material 
behaviour of e.g. cement paste which is assumed to be much more homogeneous than 
ordinary concrete and hence less ductile. Also, the fine grained binder systems used for TRC 
are more homogeneous and expected to be less ductile than ordinary concrete. For this reason, 
it will be investigated if LEFM will give acceptable approximations of the expected fracture 
behaviour and strength prediction of these matrices. The LEFM parameters such as GIc, and 
KIc, will be determined for the newly developed fine grained concrete matrices. Assuming GIc
to be a pure material property it approaches the fracture energy Gf (also assumed material 
constant), which is defined as energy release per unit crack propagation in an infinite size 
[Hil83, Baz84], and may be derived from notched 3-point bend tests as carried out within this 
work. Hence, if the fine grained concrete matrices are very brittle this condition should be 
fulfilled, and GIc should approximate Gf.
Furthermore, within this work possible size effects on the strength of the fine grained concrete 
matrices will be considered using different size effect models that refer to LEFM. For this 
reason, it should be noted that the strength prediction of ?cr according to the described LEFM 
approaches using the fracture toughness KIc or the energy release rate GIc (Section 2.4.2.1) 
will show a size effect if the ratio a/d (notch depth a to specimen dimension d) is assumed 
constant. According to Eq. 2.17 and 2.18 for a very small specimen dimension d and hence 
small a ? 0 the predicted strength ?c will be infinite, while for a ? ? ??cr will become zero, 
see Eq. 2.26 and 2.27 as below 
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If this stress versus structure size relation is plotted in a bi-logarithmic scale, this will give a 
slope k = -1/2. 
Notch sensitivity
As it is one aim of the presented investigations to check the applicability of LEFM to fine 
grained concrete matrices the notch sensitivity is determined. As was explained in 
Section 2.4.2.1, for a specimen under axial tension a notch of length 2a (Fig. 2.9) will cause 
stress peaks at the crack tip. Considering an ideal plastic material these stresses will be 
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dissipated by plastic deformations and failure will be observed when the tensile strength is 
reached in the residual cross-section, i.e. for ductile materials (neglecting influences due to 
disturbance of uniform stress distribution nearby the crack tip) the tensile strength will not be 
changed by the existence of notches, i.e. ft,net = ft [Bra88]. This is different for brittle and 
quasi-brittle materials which may not redistribute the stress peaks due to the lack of plastic 
deformation. Notched specimens will fail at lower load levels ft,net < ft, as the stress peaks lead 
to failure before the tensile strength ft is reached over the whole cross-section. This material 
behaviour is called notch-sensitivity and is expressed as 
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where ft,net is the tensile strength of the notched specimen and ft of the non-notched specimen. 
This notch-sensitivity may also be derived from notched prisms in bending tests, where the 
net tensile strength ft,net is replaced by the net flexural strength ffl,net and ft by ffl.
Based on LEFM Ziegeldorf et al. [Zie80] have derived a theoretical relation between the 
notch sensitivity k and the fracture toughness KIc, which states that for a three-point bend test 
of a cement based material is given as 
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where the form function F(a/d) is taken as given in Eq. 2.23 to 2.25. 
According to Eq. 2.29, a minimum value of k will be found for a/d ? 0.25, if KIc/ffl is 
assumed constant, i.e. independent of crack length and specimen size, and hence the notch 
sensitivity will be influenced only by the initial crack length a and the ratio a/d. The notch 
sensitivity k of concrete and cement pastes has been investigated by different authors, e.g. 
[Bra88, Hig76, Hill77, Gjo77, Sha71], as shown in Fig. 2.10. The results of these 
investigations indicate that some materials do not show this minimum value of the notch 
sensitivity k at the ratio a/d ? 0.25 but rather at lower or higher ratios a/d. Hence, the 
condition of KIc/ffl = const. might not be fulfilled, and thus the determination of a low notch 
intensity k of a cement based matrix alone is not a sufficient criterion for the verification of 
the applicability of LEFM [Bra88]. Strictly speaking, the notch sensitivity of different 
materials gives information on the brittleness only if the minimum value of k is known and 
determined on the same specimen dimension. Furthermore, in line with experimental results 
the theoretical determination of the notch sensitivity k according to Eq. 2.28 leads to a 
decrease of k for increasing specimen sizes [Zie80]. 
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where ft,net is the tensile strength of the notched specimen and ft of the non-notched specimen. 
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where the form function F(a/d) is taken as given in Eq. 2.23 to 2.25. 
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determined on the same specimen dimension. Furthermore, in line with experimental results 
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Fig. 2.10. Notch sensitivity k for cement based matrices taken from [Bra88] according to [Hig76, 
Hill77, Gjo77, Sha71]. 
2.4.2.2 Non-linear-elastic fracture mechanics 
Several studies over the last decades have tried to enhance the basic concepts of the LEFM 
theory and avoid the known disadvantages, e.g. stress singularity, and have resulted in so-
called non-linear fracture mechanics concepts. Some of these approaches were originally 
developed and applied e.g. for metals and hence do not take into account the specific fracture 
characteristics of concrete. This is the case, for example, for the R-curve concept [Kno73], the 
J-Integral by Rice [Ric68], and the two-parameter model by Jenq and Shah [Jen85]. These 
models require the determination of their specific parameters (as the value of J for the J-
integral, or G and R for the R-curve concept) at changing crack lengths. If the crack tip is 
well-defined these models may well apply to the analysis of fracture of e.g. metallic materials, 
as the crack growth can be determined directly on the specimens during testing. This is not 
the case for concrete as the crack tip is never well-defined due to the preceding FPZ. 
Therefore these models usually rely on either tests with varying notch depth or cyclic loading 
tests (compliance method e.g. [Bra88, Mec00]) when applied to quasi-brittle materials like 
concrete. Even though these models have been developed and used to describe the fracture 
behaviour of concrete in a more realistic way than LEFM, they still lack for reliability of 
strength and failure prediction due to the more complex fracture processes within the 
heterogeneous material of concrete which are not considered precisely enough.
Considering the R-curve concept for the case of notched 3-point bend specimens, if the size 
dependence of the flexural strength ffl,net is known (this may be given for example by the size 
effect law by Bazant, Section 2.5.3, Eq. 2.41) it is possible to calculate a function of the 
energy release rate GIc (Eq. 2.22) for assumed specimen dimensions d and to derive an R-
curve as described e.g. in [Bra88]. With increasing specimen size the R-curve approximates 
an asymptotic limit value of GIc. According to the theory, this GIc for an infinite large 
specimen size equals the fracture energy Gf, but it has been shown in several investigations 
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that this prediction of Gf for large concrete structures based on the experimental results of 
ordinary specimen sizes can be ambiguous and hence inaccurate, e.g. [Mec00, Bra88, Har00].
The J-integral provides a value of J which is understood as change in deformation energy with 
changing crack length a. This model also applies to non-linear materials, but only for ideal 
linear-elastic plastic materials a critical value Jc depending on the changing crack length can 
be derived and related to the fracture energy Gf. Hence, in applications the J-integral has the 
same disadvantages as LEFM approaches [Hil83]. 
The two-parameter model requires the compliance method, described in [RIL90b], and allows 
the determination of a modified fracture toughness KIc,s which is theoretically assumed to be a 
material constant, yet investigations of e.g. [Bra88, Kar91] have shown a strong scatter in 
results and a dependence on specimen size and notch depth. 
Within this work these non-linear fracture mechanics approaches have not been applied due to 
the above mentioned restrictions, and ultimately for practical reasons, too, because neither the 
required compliance tests nor tests on specimens with different notch depths were carried out 
within the experimental investigations of this work. It rather was the aim to find a suitable 
approach which allows for the determination of fracture mechanical parameters like e.g. the 
fracture energy on the one hand but on the other hand also allows for the derivation of 
constitutive material laws for fine grained concrete, e.g. ?-w curves under tension. 
Furthermore, cohesive crack models were proposed, also with the objective of avoiding stress 
singularity at the crack tip which is theoretically predicted by LEFM. In the first models 
developed by Dugdale [Dug60] and Barenblatt [Bar62] crack-tip plasticity was accounted for 
by replacing the crack and the length of the plastic zones by a longer crack with closing 
pressure at the tips. The Dugdale model is applicable only to metals, and the Barenblatt model 
is rather relevant for an order of crack widths (w ~ 10-9 m), but not relevant for concrete with 
crack widths w ~ 10-6 to 10-3 m. These models, which are described in detail in [Bar62, 
Dug60], are mentioned here, as the idea of replacing the plastic zones by a crack forms the 
basis of the cohesive crack models proposed for concrete, i.e. for example the crack band 
model by Bazant and Oh [Baz83], and the fictitious crack model (FCM) by Hillerborg 
[Hill76]. As described in Section 2.4.1 the tensile ?-? diagram of concrete is characterised by 
a long descending branch after the strength peak has been exceeded. This means that when a 
crack is assumed to be formed as soon as the tensile strength of the material is exceeded, this 
crack is not immediately stress-free but still able to transfer stresses. As already described, 
this stress transfer is assumed to take place within a fracture zone of micro-cracks, which 
according to the crack band model [Baz83] is assumed as a crack band of a certain width. This 
width of the crack band is assumed to be a material constant which can be directly related to 
the micro-structure of concrete [Hil83, Mie97a]. Within this work the analysis of the 
experimental results is based on the FCM by Hillerborg [Hill76] and thus this model is 
described here in more detail (see below). 
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Apart from the above mentioned non-linear fracture mechanics concepts, also e.g. the size 
effect approaches by Bazant [Baz84, Baz98] and Carpinteri [Car95, Car99] are often 
classified as useful for describing and predicting the fracture and ultimate load of concrete 
structures. Within this work these models are described explicitly in Section 2.5 with the main 
focus on the phenomena that cause size effects. 
Fictitious crack model 
The principle of the fictitious crack model may be best explained with an uniaxial tensile test 
on a concrete specimen and the corresponding deformations observed during the test. Up to 
the ultimate tensile stress ft the whole specimen experiences uniform, mainly reversible, 
deformations in axial direction, which are characterised by the ascending part of the ?-? curve 
(Fig. 2.7), while at the point in time when the maximum tensile stress is reached a fracture 
zone starts to develop and the strains are then classified into two groups. There are on the one 
hand the local strains in the fracture zone w, where at least the final crack develops, which 
increase rapidly (Fig. 2.7), while on the other hand at the same time the strains ? outside the 
fracture zone will decrease. The width of the fracture process zone is assumed to be very 
small and is replaced by a fictitious, cohesive crack which is able to transfer stress. This 
capability depends on the crack width w. Due to these different types of deformation within 
and outside the fracture zone it is not appropriate to use the ?-??curve as a material property, 
because the measured strain over the whole specimen length will contain both fractions of 
deformations in unknown quantity. According to the FCM, the material behaviour of concrete 
under uniform, uniaxial tension is better described by two relations: (i) outside the fracture 
zone the material is described by a ?-? relation while (ii) the material behaviour within the 
fracture zone is described by the relation between the stress and the absolute deformation w of 
the stress-transferring fictitious crack, i.e. a ?-w relation (Fig. 2.11). When using this FCM 
the following assumptions are made [Hil83, Pet81]: 
? The properties of the concrete outside the fracture zone are given by a ?-? curve, often 
simplified as linear-elastic relation. 
? The fracture zone develops perpendicular to the first principal stress and it starts 
developing when the first principal stress reaches the tensile strength, i.e. the original 
width w of the fracture zone is zero. 
? The width of the fracture zone in the stressed direction equals the widening of this zone 
(for non-yielding materials). Hence in the calculations the fracture zone is replaced by a 
fictitious crack, and its stress transferring capability depends on the width of the crack in 
the stressed direction according to a ?-w curve. 
? The total width of the fracture zone has a certain value wc with no stress transfer anymore. 
? Based on the assumption that the distinction between plane stress and plane strain is 
insignificant for concrete (Section 2.4.2), the same ?-? and ?-w curves as used in the case 
of a tension test can be used in the case of crack growth. 
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Fig. 2.11. Fictitious crack model [Hil83]. 
However, the area under the ?-w curve represents the amount of energy necessary to create 
one unit of crack area with complete separation of the crack surfaces and consequently, this 
area equals the fracture energy Gf as 
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where ?t is the tensile stress, w is the crack width, and wc is the critical crack width where 
there is no stress transfer anymore. Hence, with the shapes of the ?-? and ?-w curve known 
the material properties are completely defined by the tensile strength ft, the Young’s modulus 
E, and the fracture energy Gf (Fig. 2.11). 
As a further parameter based on the FCM the characteristic length lch has been introduced to 
characterise the brittleness of a material and is defined as: 
2
t
f
ch
f
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where E is the Young’s modulus, Gf is the fracture energy, and ft is the tensile strength of the 
material. This value is considered a material property and may be used for comparing 
materials with similar shapes of their ?-w curves. If this is the case, a small lch indicates a less 
ductile material behaviour. Eq. 2.31 contains material properties only, and the characteristic 
size of the structure is neglected. Also kindly note that improving the tensile strength ft, which 
might be interpreted as a high performance property, leads to an increase of the brittleness 
[Mie97a]. In [Hil83], general characteristic lengths lch are given for cementitious materials as 
5 to 15 mm for cement paste, 100 to 200 mm for mortars, and 200 to 400 mm for concrete. 
From dimensional analysis the characteristic length lch is assumed to approximately 
characterise the length of the FPZ, as proposed by Hillerborg [Hil76]. 
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2.4 Mechanical behaviour of concrete - Tension (short-term static loads) 43
Determination of the stress-crack width curve ?-w
Theoretically, an ideal uniaxial tensile test with uniform stress distribution throughout the test 
duration and measurement of both the strains, outside the fracture zone (?) and of the fracture 
zone itself (w), already allows a direct derivation of the two parts of this material model, but 
usually for a tensile test with a uniform cross-section the location of crack initiation is not 
known beforehand. Hence, other test configurations and approaches are chosen to determine 
the ?-? and ?-w curves of concrete and the corresponding mechanical and fracture 
mechanical parameters under tensile load. The tensile strength ft, Young’s modulus E, and 
fracture energy Gf can be determined by experiments like e.g. a uniaxial tension and notched 
3-point bend tests. If these parameters are known, the ?-w relations are derived either by (i) 
the commonly used approach of inverse analysis by means of finite element methods (FEM), 
or (ii) by other analytical approaches. Whichever approach is chosen, only the identification 
of a multi-linear ?-w curve, which is defined by many parameters (or pairs of values), allows 
for an unlimited and hence most accurate characterisation of the softening behaviour. Still, as 
the derivation of a multi-linear ?-w relation is a rather complex and time consuming task 
within FE or analytical calculation procedures, mathematical approximations of the ?-w 
relations have been proposed in recent years in order to minimise the complexity of these 
calculation procedures, like e.g. linear [Hil83], bi-linear e.g. [CEB93, Pet81], multi-linear 
[Gus85] and exponential [Dud91] relations (Fig. 2.11).
According to a linear approach suggested by [Hill76] (Fig. 2.11) the ?-w relation is already 
characterised by the tensile strength ft and the critical crack width wc, which gives the fracture 
energy Gf as follows 
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A bi-linear ?-w relation (Fig. 2.11) has been proposed e.g. by Petersson [Pet81] and may be 
derived from the tensile strength ft and the fracture energy Gf as follows 
)67.01(
1w
w
ftt ???  for 1/3 ft ? ?t ? ft (2.33) 
)(
31
1
ww
ww
f
c
c
t
t ??
??  for 0 ? ?t < 1/3 ft (2.34) 
where
t
f
f
G
w 8.01 ?  and (2.35) 
t
f
c f
G
w 6.3?  (2.36) 
A similar bi-linear approximation of a ?-w relation to describe the softening of ordinary 
concrete is given in the Model Code 90 [CEB93], where the critical crack width wc is 
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determined in dependence of the maximum aggregate size dmax. The smallest maximum 
aggregate size considered there is 8 mm, and therefore these formulas are not appropriate for 
fine grained concrete mixtures with a maximum grain size of 0.6 mm. 
For an exponential approximation of the ?-w relation of ordinary concrete, different formulas 
are given by e.g. [Rei84, Rei86, Gop85, Dud91] and are discussed e.g. in [Gut99]. Similar to 
the mathematical expressions of the ?-? curves for compression (Section 2.3.2.1), these 
mathematical approximations are based on empirical studies, but do not give physical 
explanations. Only [Dud91] offers a rheological model which also includes physical 
phenomena. Within this model two types of friction elements take into account the 
degradation of the matrix-aggregate adhesion bond and friction between aggregate and matrix 
due to interlocking [Har00]. However, within this work only the exponential approach of 
Hordijk [Rei86, Hor91] has been examined for the FE calculations (Section 6.4.2.4), and this 
is given as follows: 
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where ? is the tension stress, ft is the tensile strength, w is the crack width, wc is the critical 
crack width of no stress transfer, the coefficients c1 and c2 are assumed to be material 
constants and are given as c1 = 3.0, and c2 = 6.93 for ordinary concrete. Integration of 
Gf = ?? ? dw according to the FCM gives a relation between the fracture energy Gf and the 
critical crack width wc , which [Hor91] finally approximates as follows
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This expression allows the characterisation of the exponential function by the parameters of 
the fracture energy Gf and the tensile strength ft only. 
Numerical analysis 
Within this work it is the objective to analyse the softening material behaviour of the fine 
grained concrete matrices as precisely as possible on the macro-scale. For this reason, multi-
linear ?-w curves were chosen to be derived numerically by means of FEM. The 
determination of such a ?-w-relation usually requires a load-displacement curve obtained 
from a mode I stable fracture test, like e.g. a 3-point bend test on a notched beam, which is 
used here to explain the principal method of the derivation of a ?-w curve by means of FEM. 
According to the FCM a single fictitious crack develops in the mid-section of the beam, 
where points in the crack extension path are assumed to be first in (i) a linear-elastic state, 
then in (ii) a fracture state where the material is softened caused by cohesive forces in the FPZ 
and finally in (iii) a state of no stress transfer (Fig. 2.12). 
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Numerical analysis 
Within this work it is the objective to analyse the softening material behaviour of the fine 
grained concrete matrices as precisely as possible on the macro-scale. For this reason, multi-
linear ?-w curves were chosen to be derived numerically by means of FEM. The 
determination of such a ?-w-relation usually requires a load-displacement curve obtained 
from a mode I stable fracture test, like e.g. a 3-point bend test on a notched beam, which is 
used here to explain the principal method of the derivation of a ?-w curve by means of FEM. 
According to the FCM a single fictitious crack develops in the mid-section of the beam, 
where points in the crack extension path are assumed to be first in (i) a linear-elastic state, 
then in (ii) a fracture state where the material is softened caused by cohesive forces in the FPZ 
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aggregate size considered there is 8 mm, and therefore these formulas are not appropriate for 
fine grained concrete mixtures with a maximum grain size of 0.6 mm. 
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phenomena. Within this model two types of friction elements take into account the 
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Fig. 2.12. Stresses acting across the “fictitious” crack and replacement of stresses by nodal forces. 
When using FEM the stresses acting across the FPZ are replaced by nodal forces (Fig. 2.12). 
The intensity of these forces depends on the width of the fictitious crack w according to the ?-
w curve of the material. When the tensile strength ft is reached on the top node, this node is 
“opened” and forces according to the ?-w relation start acting across the crack at this point. In 
this way it is possible to follow the crack growth through the material. For a given 
displacement u in the mid-section of the beam known from the experiment the corresponding 
strains can be calculated with the FEM when the boundary conditions are met, i.e. no 
displacements of the rigid supports. The calculated displacement field also implies the 
displacements in the mid-section of the beam in x-direction, and hence in the region of the 
fracture zone (Fig. 2.12). The corresponding stress distribution is then derived by applying the 
material relations of the concrete, that is to say the ?-??relation describes the pre-cracking 
behaviour and the material everywhere outside the FPZ, while the ?-w relation describes the 
softening behaviour of the concrete. Hence, the corresponding force Pcalc for a given 
displacement u can be calculated and is compared with the force Pexp known from the 
experiment for each load step (load-displacement curve from 3-point bend test). An assumed 
softening curve is adapted in an iterative fitting process such that the numerical simulation of 
the load-displacement curve and the experiment show a good fit. 
In general, if deriving the ?-w curve based on the FCM, either a discrete or smeared crack 
approach is chosen. For the concept of a smeared crack the cracked concrete is considered a 
continuum, and the path of crack development need not to be known beforehand, which e.g. 
facilitates the mesh-generation. For smeared crack approaches the already mentioned crack 
band model [Baz83] is often applied. Within this work the discrete crack approach was chosen 
as this is based on the FCM. The undamaged material is discretised by continuum elements, 
while the non-linear fracture behaviour within the FPZ is usually created by implementing 
spring or interface-elements. The mesh generation, calculation routines, etc. as chosen for the 
FE analysis within this work are described in detail in Section 6.2.4. 
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Analytical approaches 
Most commonly the softening of concrete is determined by inverse analysis by means of FE-
analysis, as described above, but also analytical models have been proposed to determine the 
softening behaviour based on the assumptions of the FCM, e.g. [Ulf90, Ulf95, Sun98, Uch01, 
Abd04].
[Ulf90, Ulf95] have presented an analytical one-dimensional model for the bending failure of 
concrete beams by means of a fictitious crack in an elastic layer. Outside the elastic layer the 
displacements are modelled by beam theory and as a first approximation the two parts of the 
beam beyond the cohesive crack zone are assumed to perform rigid-body displacements. For 
the case of a linear softening relation it is possible to determine the crack width for different 
load levels and thus to calculate the load-displacement curve of a 3-point bend beam by a set 
of simple equations. However, as only a linear softening relation is approximated, this model 
can more usefully be considered as an analytical tool for the estimation of material parameters 
from test results, than an improved method to derive a ?-w curve. [Sun98] has proposed an 
extension of this model with a bi-linear softening relationship, which offers an improved 
description of the fracture behaviour of concrete in comparison to a linear softening curve. 
Still, some parameters of the equations, like e.g. the width of the elastic layer, have to be 
fitted by comparison of the experimental and analytical results. Another analytical approach 
on basis of 3-point bend or wedge splitting test has been proposed by [Abd04], but this only 
results in a bi-linear softening relation, which may not be sufficiently accurate to describe the 
tension fracture behaviour of any quasi-brittle material. 
[Uch01] proposed a method based on the FCM for estimating a multi-linear tension softening 
diagram by inverse analysis of an experimentally determined load-displacement curve of a 
notched 3-point bend specimen. With this method the ?-w curve is determined step by step 
for each increment of crack propagation by assuming multiple slopes at the tip of the diagram, 
calculating the resulting load-displacement curves, and choosing the one slope that suits the 
experimental results. This procedure may be explained with Fig. 2.13. If the multi-linear ?-w
curve has been determined up to an iteration step which gives the point i of the softening 
diagram with ?i and wi (Fig. 2.13 a), then the corresponding load-displacement curve can be 
calculated and will show a good fit with the experimental curve up to the corresponding 
displacement ui (Fig. 2.13 b). For the next iteration step the slope of the tip of the softening 
diagram for the next point i + 1 is varied (slope a, b, and c) and the load-displacement curve is 
analysed for each case to find the optimum slope with a good congruence between the 
measured and analysed load-displacement relations. With this crack propagation analysis used 
in the multi-linear approximation method the load-displacement relationship can be 
determined by simultaneous equations with the unknown quantity of the crack width w within 
the described iteration process. This method allows a free fitting of the curve, but even within 
this model the knowledge of numerical calculation tools is required, because FEM are still 
employed for the iterative crack propagation analysis [Uch95]. 
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Fig. 2.13. a) Assumption of tension softening diagram. 
b) Fitting of load-displacement curve [Uch01]. 
What all the aforementioned models have in common is that either by means of numerical 
solution routines (e.g. FEM) or beam theory the distributions of displacements within the 
ligament of a concrete beam are calculated. Knowing these and using the (assumed) ?-w 
curve allows for the derivation of the stress distribution within the ligament, which finally 
allows for the calculation of a force Pcalc e.g. for a known displacement u, which is compared 
with the experimentally determined force Pexp.
In contrast to these models, in the present thesis a new analytical approach is proposed, where 
the distribution of displacements within the ligament of a beam in a 3-point bend test is 
already known from the experiment, as measured continuously during testing by a video 
extensometer. Combining the advantages of a step-by-step determination of a multi-linear ?-
w relation as proposed by [Uch95] and the classical idea of beam theory the model allows a 
straightforward determination of the ?-w relation without the need for using numerical 
solution routines as e.g. FEM. This analytical approach is described in detail in 
Section 6.4.2.1. 
2.4.3 Testing conditions 
The input parameters for the fracture mechanical models are determined by experimental 
tests, hence the influencing factors and testing methods are discussed in the following in order 
to provide a better understanding of the processes which influence the experimental results. In 
general, all aspects regarding concrete structure, climatic and testing conditions as already 
mentioned in Section 2.3.1 influence the experimentally determined mechanical and fracture 
mechanical parameters. The test set-up as well as testing conditions, specimen size and shape 
will have a direct influence on the material parameters determined and hence these will be 
discussed in more detail in the following for the case of uniaxial tension as well as notched 3-
point bend tests as applied within the present study for the experimental investigations in 
regard to the mechanical behaviour under tension.
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b) Fitting of load-displacement curve [Uch01]. 
What all the aforementioned models have in common is that either by means of numerical 
solution routines (e.g. FEM) or beam theory the distributions of displacements within the 
ligament of a concrete beam are calculated. Knowing these and using the (assumed) ?-w 
curve allows for the derivation of the stress distribution within the ligament, which finally 
allows for the calculation of a force Pcalc e.g. for a known displacement u, which is compared 
with the experimentally determined force Pexp.
In contrast to these models, in the present thesis a new analytical approach is proposed, where 
the distribution of displacements within the ligament of a beam in a 3-point bend test is 
already known from the experiment, as measured continuously during testing by a video 
extensometer. Combining the advantages of a step-by-step determination of a multi-linear ?-
w relation as proposed by [Uch95] and the classical idea of beam theory the model allows a 
straightforward determination of the ?-w relation without the need for using numerical 
solution routines as e.g. FEM. This analytical approach is described in detail in 
Section 6.4.2.1. 
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2.4.3.1 Tension test 
Within this study uniaxial tension tests under short-term static load have been carried out in 
order to determine the Young’s modulus and the tensile strength, using specimens with a 
uniform cross-section. Regarding load rates an increase in the tensile strength ft, and also Et
and ?t1 with increasing load rate has been shown e.g. by [Cur87, Mec00], but just as for 
compression for standard load rates these influences are considered negligible. Furthermore, 
tension tests are influenced by boundary conditions. For fixed boundary conditions a constant 
displacement is applied to the specimen ends, but the (flexural) stiffness of the specimen itself 
will affect the tensile behaviour as well, in particular when the load plate rotations are 
prevented (to some extent). If the load plates are free to rotate, the deformation on one side of 
the specimen may be larger than on the other. In general, both test configurations are 
considered appropriate for the determination of the deformations and stresses in specimens 
with a uniform cross-section where failure may occur in the weakest part of the specimen, but 
only before fracturing. As soon as large fracture zones develop, a highly non-uniform stress 
distribution may develop. Hence, the type of boundary condition has an especially significant 
influence on the load-control and measurement of complete load-displacement curves and is 
discussed in detail e.g. in [Alf93, Mec00, Mie02, Ver96, Vli00]. 
Furthermore, tensile strength is influenced by storage conditions. [Mec00] has found a higher 
tensile strength ft (and higher Young’s modulus, but similar strain at ultimate load) for 
specimens with a sealed storage in comparison with those, where drying after demoulding 
was allowed, which is explained e.g. by better curing conditions for the sealed specimens and 
possible carbonation effects on the other specimens. Within this thesis a sealed storage was 
chosen for all specimens, but influences due to a drying of the specimens during specimen 
preparation and testing procedure cannot be excluded. 
2.4.3.2 3-point bend test 
The 3-point bend test, also a standard test method for ordinary concrete [RIL90b], is the 
central test set-up within this thesis for the derivation of fracture mechanical parameters 
according to both the LEFM as well as the non-linear-elastic fracture mechanical approach of 
the FCM. Hence, this test set-up and influencing factors on the derivation of the fracture 
energy Gf are discussed in more detail here. Generally, the derivation of the fracture energy 
from e.g. tensile tests is also appropriate and described e.g. in [Alf93, Mec00, Mie02, Kar03], 
but not considered within this study. The fracture energy Gf is defined as the amount of 
energy necessary to create one unit of area of a crack, but as discussed previously, for 
concrete it is not possible to determine the tip of a propagating crack exactly. For this reason 
the total energy consumption from the start of crack propagation to the point where the crack 
has separated the specimen completely is determined as fracture energy. It is essential that the 
fracture is stable as otherwise uncontrolled energy consumption due to dynamic effects will 
take place [Pet81]. This stability conditions may be fulfilled by choosing testing machines 
with appropriate stiff frames and deformation control systems (e.g. closed-loop control).  
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Also, frictional restraint plays an important role in beam experiments. In a standard 3-point 
bend test the specimen is placed on roller bearings (Fig. 6.2) and loaded in a universal testing 
machine. The roller supports have to be designed carefully to allow for frictionless lateral 
deformations in the beam and unrestrained horizontal movement of the beam during crack 
propagation. If this effect is neglected, a higher load is needed to propagate a crack, and the 
fracture energy will be overestimated. In [Gui92] deviations of the fracture energy of up to 
15 % were found for fixed roller supports in comparison to freely rolling ones.
Another non-linear deformation can develop due to settlements of the supports or 
deformations of the specimen especially for high load levels [Bra88]. 
It is also essential that energy consumption outside the fracture zone is minimised, as the 
determination of the fracture energy is based on the assumption that all externally applied 
energy will be consumed for crack development within the fracture zone, i.e. theoretically 
outside the fracture zone there would be only reversible elastic deformations. In practice, the 
beam will show plastic deformations also outside the fracture zone, which will lead to a 
higher fracture energy. [Pet81] carried out numerical analysis of notched 3-point bend tests to 
show the development of the stress fields around the crack propagation path for different 
beam depths. He found a much wider extension of the stress fields for the larger beam depths 
which may lead to a slight increase of the fracture energy. The values were found to be in the 
scatter of test results and no explicit magnitude of this influencing factor was given. [Roe87] 
found by numerical analysis that the total energy consumption becomes independent of the 
ligament height if the fracture zone can develop to full extension.
Hence, theoretically the ligament height should at least meet the length of the completely 
developed fracture zone, but this value cannot be determined exactly for concrete as 
previously mentioned. According to [Hil83] the fracture zone can be approximated by the 
characteristic length lch (Eq. 2.31), and he furthermore recommends a beam depth d of 5?lch for 
3-point bend tests [Hil81]. As for ordinary concrete characteristic lengths lch of 200 to 
400 mm have been obtained, unrealistic specimen dimensions of several meters would then be 
required. The fracture energy will be influenced by the extension of the fracture zone, and 
usually for smaller beam depths slightly smaller fracture energies are likely to be obtained due 
to a less developed FPZ and hence less energy dissipation. 
Furthermore, the experimental results depend on the notch depth. For a high relative notch 
depth lower load levels will be reached and a lower amount of energy will be consumed due 
to non-linear deformations outside the fracture zone. Due to this fact a high notch depth will 
give a more precise fracture energy, but on the other hand for low notch depths a reduction in 
the scatter of results has been observed [Pet81]. Hence, the chosen relative notch depth is a 
compromise of different influencing factors and is recommended to be about a/d = 0.15 to 
0.50 [Hil83, RIL90b]. Furthermore, the radius of the tip of the notch should be kept low in 
order to minimise stress concentrations. Sometimes the notches are already applied during the 
casting of the specimens, which may cause wall effects (i.e. a layer of cement paste at the 
2.4 Mechanical behaviour of concrete - Tension (short-term static loads) 49
Also, frictional restraint plays an important role in beam experiments. In a standard 3-point 
bend test the specimen is placed on roller bearings (Fig. 6.2) and loaded in a universal testing 
machine. The roller supports have to be designed carefully to allow for frictionless lateral 
deformations in the beam and unrestrained horizontal movement of the beam during crack 
propagation. If this effect is neglected, a higher load is needed to propagate a crack, and the 
fracture energy will be overestimated. In [Gui92] deviations of the fracture energy of up to 
15 % were found for fixed roller supports in comparison to freely rolling ones.
Another non-linear deformation can develop due to settlements of the supports or 
deformations of the specimen especially for high load levels [Bra88]. 
It is also essential that energy consumption outside the fracture zone is minimised, as the 
determination of the fracture energy is based on the assumption that all externally applied 
energy will be consumed for crack development within the fracture zone, i.e. theoretically 
outside the fracture zone there would be only reversible elastic deformations. In practice, the 
beam will show plastic deformations also outside the fracture zone, which will lead to a 
higher fracture energy. [Pet81] carried out numerical analysis of notched 3-point bend tests to 
show the development of the stress fields around the crack propagation path for different 
beam depths. He found a much wider extension of the stress fields for the larger beam depths 
which may lead to a slight increase of the fracture energy. The values were found to be in the 
scatter of test results and no explicit magnitude of this influencing factor was given. [Roe87] 
found by numerical analysis that the total energy consumption becomes independent of the 
ligament height if the fracture zone can develop to full extension.
Hence, theoretically the ligament height should at least meet the length of the completely 
developed fracture zone, but this value cannot be determined exactly for concrete as 
previously mentioned. According to [Hil83] the fracture zone can be approximated by the 
characteristic length lch (Eq. 2.31), and he furthermore recommends a beam depth d of 5?lch for 
3-point bend tests [Hil81]. As for ordinary concrete characteristic lengths lch of 200 to 
400 mm have been obtained, unrealistic specimen dimensions of several meters would then be 
required. The fracture energy will be influenced by the extension of the fracture zone, and 
usually for smaller beam depths slightly smaller fracture energies are likely to be obtained due 
to a less developed FPZ and hence less energy dissipation. 
Furthermore, the experimental results depend on the notch depth. For a high relative notch 
depth lower load levels will be reached and a lower amount of energy will be consumed due 
to non-linear deformations outside the fracture zone. Due to this fact a high notch depth will 
give a more precise fracture energy, but on the other hand for low notch depths a reduction in 
the scatter of results has been observed [Pet81]. Hence, the chosen relative notch depth is a 
compromise of different influencing factors and is recommended to be about a/d = 0.15 to 
0.50 [Hil83, RIL90b]. Furthermore, the radius of the tip of the notch should be kept low in 
order to minimise stress concentrations. Sometimes the notches are already applied during the 
casting of the specimens, which may cause wall effects (i.e. a layer of cement paste at the 
2.4 Mechanical behaviour of concrete - Tension (short-term static loads) 49
Also, frictional restraint plays an important role in beam experiments. In a standard 3-point 
bend test the specimen is placed on roller bearings (Fig. 6.2) and loaded in a universal testing 
machine. The roller supports have to be designed carefully to allow for frictionless lateral 
deformations in the beam and unrestrained horizontal movement of the beam during crack 
propagation. If this effect is neglected, a higher load is needed to propagate a crack, and the 
fracture energy will be overestimated. In [Gui92] deviations of the fracture energy of up to 
15 % were found for fixed roller supports in comparison to freely rolling ones.
Another non-linear deformation can develop due to settlements of the supports or 
deformations of the specimen especially for high load levels [Bra88]. 
It is also essential that energy consumption outside the fracture zone is minimised, as the 
determination of the fracture energy is based on the assumption that all externally applied 
energy will be consumed for crack development within the fracture zone, i.e. theoretically 
outside the fracture zone there would be only reversible elastic deformations. In practice, the 
beam will show plastic deformations also outside the fracture zone, which will lead to a 
higher fracture energy. [Pet81] carried out numerical analysis of notched 3-point bend tests to 
show the development of the stress fields around the crack propagation path for different 
beam depths. He found a much wider extension of the stress fields for the larger beam depths 
which may lead to a slight increase of the fracture energy. The values were found to be in the 
scatter of test results and no explicit magnitude of this influencing factor was given. [Roe87] 
found by numerical analysis that the total energy consumption becomes independent of the 
ligament height if the fracture zone can develop to full extension.
Hence, theoretically the ligament height should at least meet the length of the completely 
developed fracture zone, but this value cannot be determined exactly for concrete as 
previously mentioned. According to [Hil83] the fracture zone can be approximated by the 
characteristic length lch (Eq. 2.31), and he furthermore recommends a beam depth d of 5?lch for 
3-point bend tests [Hil81]. As for ordinary concrete characteristic lengths lch of 200 to 
400 mm have been obtained, unrealistic specimen dimensions of several meters would then be 
required. The fracture energy will be influenced by the extension of the fracture zone, and 
usually for smaller beam depths slightly smaller fracture energies are likely to be obtained due 
to a less developed FPZ and hence less energy dissipation. 
Furthermore, the experimental results depend on the notch depth. For a high relative notch 
depth lower load levels will be reached and a lower amount of energy will be consumed due 
to non-linear deformations outside the fracture zone. Due to this fact a high notch depth will 
give a more precise fracture energy, but on the other hand for low notch depths a reduction in 
the scatter of results has been observed [Pet81]. Hence, the chosen relative notch depth is a 
compromise of different influencing factors and is recommended to be about a/d = 0.15 to 
0.50 [Hil83, RIL90b]. Furthermore, the radius of the tip of the notch should be kept low in 
order to minimise stress concentrations. Sometimes the notches are already applied during the 
casting of the specimens, which may cause wall effects (i.e. a layer of cement paste at the 
2.4 Mechanical behaviour of concrete - Tension (short-term static loads) 49
Also, frictional restraint plays an important role in beam experiments. In a standard 3-point 
bend test the specimen is placed on roller bearings (Fig. 6.2) and loaded in a universal testing 
machine. The roller supports have to be designed carefully to allow for frictionless lateral 
deformations in the beam and unrestrained horizontal movement of the beam during crack 
propagation. If this effect is neglected, a higher load is needed to propagate a crack, and the 
fracture energy will be overestimated. In [Gui92] deviations of the fracture energy of up to 
15 % were found for fixed roller supports in comparison to freely rolling ones.
Another non-linear deformation can develop due to settlements of the supports or 
deformations of the specimen especially for high load levels [Bra88]. 
It is also essential that energy consumption outside the fracture zone is minimised, as the 
determination of the fracture energy is based on the assumption that all externally applied 
energy will be consumed for crack development within the fracture zone, i.e. theoretically 
outside the fracture zone there would be only reversible elastic deformations. In practice, the 
beam will show plastic deformations also outside the fracture zone, which will lead to a 
higher fracture energy. [Pet81] carried out numerical analysis of notched 3-point bend tests to 
show the development of the stress fields around the crack propagation path for different 
beam depths. He found a much wider extension of the stress fields for the larger beam depths 
which may lead to a slight increase of the fracture energy. The values were found to be in the 
scatter of test results and no explicit magnitude of this influencing factor was given. [Roe87] 
found by numerical analysis that the total energy consumption becomes independent of the 
ligament height if the fracture zone can develop to full extension.
Hence, theoretically the ligament height should at least meet the length of the completely 
developed fracture zone, but this value cannot be determined exactly for concrete as 
previously mentioned. According to [Hil83] the fracture zone can be approximated by the 
characteristic length lch (Eq. 2.31), and he furthermore recommends a beam depth d of 5?lch for 
3-point bend tests [Hil81]. As for ordinary concrete characteristic lengths lch of 200 to 
400 mm have been obtained, unrealistic specimen dimensions of several meters would then be 
required. The fracture energy will be influenced by the extension of the fracture zone, and 
usually for smaller beam depths slightly smaller fracture energies are likely to be obtained due 
to a less developed FPZ and hence less energy dissipation. 
Furthermore, the experimental results depend on the notch depth. For a high relative notch 
depth lower load levels will be reached and a lower amount of energy will be consumed due 
to non-linear deformations outside the fracture zone. Due to this fact a high notch depth will 
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the scatter of results has been observed [Pet81]. Hence, the chosen relative notch depth is a 
compromise of different influencing factors and is recommended to be about a/d = 0.15 to 
0.50 [Hil83, RIL90b]. Furthermore, the radius of the tip of the notch should be kept low in 
order to minimise stress concentrations. Sometimes the notches are already applied during the 
casting of the specimens, which may cause wall effects (i.e. a layer of cement paste at the 
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casting side, see Section 2.5.1) and hence influence the fracture behaviour. Most commonly, 
the notches are sawn, even though this may lead to deterioration of the concrete structure and 
cause micro-cracking even before testing.  
Influences of storing and climatic conditions on the fracture energy also have been 
investigated in several works [Bra88, Mec00], but are not considered here, as within this 
study a sealed storage was chosen. However, just as for compression and tension tests 
influences due to drying and shrinkage cracking during specimen preparation can neither be 
excluded nor quantified. It can only be noted that investigations described in [Bra88] on 
ordinary concrete have shown that a short-term drying (about 6 hours) of the specimens 
before testing leads to a reduction of the fracture energy. 
When carrying out a stable 3-point bend test, energy is not only supplied by the load but also 
by the weight of the beam. To account for this effect, weight beam compensated tests can be 
carried out, e.g. by [Bra88]. If there is no compensation for the effect of the weight of the 
beam, i.e. an uncompensated beam, the additional energy consumption may theoretically be 
approximated according to [Pet81]. A verification of the accuracy of this approximation has 
been carried out by [Bra88] who determined the fracture energy by means of both test 
configurations on mortar, and ordinary concrete beams. He found an underestimation for the 
fracture energy for small beam depth, while an overestimation was observed for larger beam 
depths, with deviations in the range of about 15 % for mortar. 
The fracture energy Gf of cementitious materials has been found in a range of 5 to 33 N/m for 
cement paste, 20 to 95 N/m for mortar, and 30 to 135 N/m for concrete [Pet81]. 
The above mentioned aspects in notched 3-point bend tests cause certain size effects on the 
material parameter of the fracture energy Gf, which in theory is a value independent of size, 
and consequently a slight increase in the fracture energy with increasing beam depth has been 
observed in several investigations [Bra88, Car96, Hu90]. These will be discussed in 
Section 2.5.3, where size effects are considered separately.  
Fracture process zone 
In general it is possible to study the development of the fracture zone, the initiation of crack 
growth and the propagation of a crack in the material by using the FCM, but neither the width 
nor the length of the fracture process are known. The length of the FPZ can be determined 
according to the FCM by means of FE analysis, but the width cannot be determined by the 
FCM. In e.g. [Har00, Mie97a] different measuring methods are summarised which aim at the 
evaluation of the crack mechanisms and development within concrete and hence the extension 
of the fracture zone. These are for example impregnation, optical microscopy, acoustic 
transmission techniques, specialised optical measuring methods such as the Moiré technique, 
holographic interferometry, electronic speckle pattern interferometry (ESPI), speckle 
photography. [Min91] found from a thorough survey of literature that depending on the load 
application and crack detection technique process zone sizes between a few micrometers and 
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half a meter were measured. This shows that the complex fracture mechanisms (Fig. 2.8) 
which may take place at the same time are difficult to measure, differentiate, and analyse, 
hence at times no appropriate and exact measurement of these processes in complete detail is 
possible.
2.5 Size effect  
2.5.1 General
Theoretically, a material property like strength should be a constant and should not exhibit 
any size effect, i.e. the nominal strength would be assumed to be constant. In theory this is the 
case according to continuum mechanics in which the failure criterion is written in terms of 
stresses and strains. In practice, this is usually not verified and size effects, i.e. a reduction in 
strength with increasing specimen or structural size, were observed for different kinds of 
materials already a long time ago. For example, the effect of the length of ropes under 
strength was discussed by Leonardo da Vinci as early as in the 17th century. He observed that 
“among cords of equal thickness the longest is the least strong” [Baz99]. In other words, the 
larger the structure, the greater is the possibility of encountering in it an element of low 
strength. This is the basic idea of the statistical theory of size effect [Wei39], see 
Section 2.5.2. Until about 1980 most mechanicians believed that size effects in experiments 
were of a statistical type only. Then, in several investigations on concrete, ice, rocks and 
ceramics [e.g. Wal72, Lei73] a much stronger size effect than can be explained by Weibull’s 
theory was observed and it was concluded that the source of size effect in a quasi-brittle 
material such as concrete might be non-statistical. In 1984 Bazant introduced a deterministic, 
fracture mechanics based approach [Baz84] resulting in an energetic theory of quasi-brittle 
failure (Section 2.5.3). Apart from this approach, Carpinteri has made the suggestion that the 
size effect observed in non-notched concrete structures has a fractal origin [Car95], see 
Section 2.5.5. An extensive review of the main results on the size effect approaches and 
fracture of concrete is given in e.g. [Baz97b], but the ambitious efforts of finding possible 
explanations of size effects are still the subject of many research works today, as shown for 
example by the work of [Baz04a, Baz04b, Kar04]. 
Especially when considering such a heterogeneous material as concrete the specific material 
features which may cause deviations from the prediction of a constant nominal strength (in 
some cases these may even cause a strength increase in contradiction to the size effect 
predictions) should be regarded, according to [Baz98]: 
(i) The boundary layer effect or so-called wall-effect is described in different ways and is 
due to a change in the concrete properties of the layer adjacent to the wall of the mould. This 
layer has a higher volume of cement paste and smaller relative content of aggregates, which 
are less bound by the cement paste then those inside the sample, and hence has a reduced 
strength [Avr81]. Also this boundary layer will always contain cement grains which are 
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hydrated from one side only, which is different to the cement hydration within the structure. 
The thickness of this layer is assumed to be independent of structure size and consequently 
for small structures the strength reducing influence is comparably stronger. In general, this 
influence is considered small for ordinary concrete [Baz98] and is negligible for sufficiently 
large structures. So far the wall-effect has not been investigated explicitly for fine grained 
concrete matrices. 
(ii) Diffusion based phenomena such as heat conduction or pore water transfer cause size 
effects as they change the material properties and produce residual stresses resulting in 
inelastic strains and cracking. The extent of these effects will be different in small and large 
structures, but these effects are negligible if the specimens are sealed and stored at a constant 
temperature. For example, as investigated in [Sor94], drying effects may lead to cracking and 
cause a strength reduction in the surface layer, hence being more significant for small 
specimens with a high lateral surface area to volume ratio (A/V). 
(iii) Hydration heat may cause size effects as e.g. large members will develop higher 
temperatures in the interior during the hydration processes and the resulting non-uniform 
temperature rise may cause cracking, induce drying and significantly alter the material 
properties. Just as for the diffusion based phenomena the extent of these effects will differ for 
small and large structures, but presumably will only be of significant importance for massive 
structures.
Furthermore, the strength of concrete is usually determined by testing under laboratory 
conditions, i.e. the matrix composition, specimen production, storage, specimen shape and 
size as well as testing conditions will always influence the determined strengths with a more 
or less distinct impact depending on the specimen size. The matrix composition and the 
chosen maximum aggregate size may already cause inevitable size effects on strength. For the 
use of one matrix composition in different specimen sizes the ratio between side length of the 
specimen and the chosen maximum grain size will not be constant. Therefore, an appropriate 
minimum ratio of specimen side length d to maximum grain size dmax, given as about 
d/dmax = 3 to 4 for ordinary concrete [Alb67], should always be chosen. For the case of fine 
grained concrete, this requirement will be met by all specimens, as even the smallest 
specimen dimensions show a ratio of d/dmax > 10. Furthermore, it is rather difficult to apply 
the same compaction energy to specimens of different size, but if the differences in 
compaction energy and duration are not too large for different specimen sizes, this effect can 
be considered negligible within the scatter of results [Gae62]. Other strength reducing factors 
due to the test set-up can generally be avoided if appropriate stiff testing machines and load 
plates precise in stiffness, hardness and dimensions are used, e.g. according to the 
recommendations of the German Standard [DIN EN 12390-4]. 
However, in civil engineering the design of large concrete structures must rely on the 
extrapolation of test results on comparably much smaller laboratory specimens. This may lead 
to an overestimation of the effective strengths of the concrete structures as these will endure 
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size as well as testing conditions will always influence the determined strengths with a more 
or less distinct impact depending on the specimen size. The matrix composition and the 
chosen maximum aggregate size may already cause inevitable size effects on strength. For the 
use of one matrix composition in different specimen sizes the ratio between side length of the 
specimen and the chosen maximum grain size will not be constant. Therefore, an appropriate 
minimum ratio of specimen side length d to maximum grain size dmax, given as about 
d/dmax = 3 to 4 for ordinary concrete [Alb67], should always be chosen. For the case of fine 
grained concrete, this requirement will be met by all specimens, as even the smallest 
specimen dimensions show a ratio of d/dmax > 10. Furthermore, it is rather difficult to apply 
the same compaction energy to specimens of different size, but if the differences in 
compaction energy and duration are not too large for different specimen sizes, this effect can 
be considered negligible within the scatter of results [Gae62]. Other strength reducing factors 
due to the test set-up can generally be avoided if appropriate stiff testing machines and load 
plates precise in stiffness, hardness and dimensions are used, e.g. according to the 
recommendations of the German Standard [DIN EN 12390-4]. 
However, in civil engineering the design of large concrete structures must rely on the 
extrapolation of test results on comparably much smaller laboratory specimens. This may lead 
to an overestimation of the effective strengths of the concrete structures as these will endure 
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only lower loads according to possible size effects. Actually, for the subject of TRC we 
generally find a situation of underestimating the effective strengths, because in most cases the 
dimension of the thin-walled structural elements (d = 10 mm) will be of the same size or even 
smaller than usual laboratory specimens (e.g. d = 40 mm).  
Still, for the newly developed fine grained concrete matrices possible size effects are 
investigated and the applicability of existing size effect laws is analysed for the small scaled 
specimens. According to e.g. [Baz84] at least three different specimen dimensions should be 
investigated covering a size range of 1:4. 
2.5.2 Statistical size effect by Weibull 
The idea of a statistical size effect due to the random nature of material strength was 
enunciated by Mariotte as early as in the 17th century [Mar1686], but mathematical 
formulations had to be waited for until e.g. the basic concept of the statistical size effect was 
formulated by Weibull [Wei39]. This statistical size effect is based on the model of a chain. 
The failure mode of a chain is dominated by the minimum value of the strength in the links of 
the chain and the longer the chain the smaller is the strength value that is likely to be 
encountered in the chain. According to these observations the ultimate strength of a material 
cannot be expressed by a single numerical value, and a statistical distribution function, which 
gives the probability of rupture at any given distribution of stresses, has been developed by 
[Wei39] as follows 
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where P(?) gives the failure probability of a representative material volume subjected to 
stress ???The Weibull modulus m (a material parameter which characterises the coefficient of 
variation of strength scatter may be derived from the experimental test results [RIL04]) and ?0
are parameters depending on size and scale of the specimens. The Weibull modulus is derived 
from the scatter of results, where only results from specimens of equal size are considered, 
e.g. the higher the dispersion of the individual values, the greater the number of 
measurements that must be made in order to obtain the required accuracy of the mean value 
[Wei39]. The Weibull theory is discussed in more detail in [RIL04], where some serious 
objections to this model are pointed out. The classical Weibull theory does not take into 
account any information on the structural geometry and failure mechanisms. Furthermore, in 
theory it is only valid if the structure fails as soon as a macroscopic fracture initiates from a 
micro-crack (or some other flaw) somewhere in the structure. Hence, it does not account for 
any of the energy release due to stress redistribution caused by the development of a FPZ or 
stable crack growth before reaching the ultimate load. For these reasons, today this model is 
considered inappropriate for size effect analysis of quasi-brittle materials like concrete 
[RIL04] and will not be considered for size effect analysis of the experimental results within 
this study.
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2.5.3 Size effect according to the FCM by Hillerborg 
In comparison to the assumptions of LEFM according to the FCM a different decrease in 
strength with increasing specimen size will be predicted, as shown e.g. in [Bra88, Pet81]. This 
may be explained with the development of the FPZ according to the FCM for a notched 3-
point bend specimen [Hil83]. The FPZ starts to develop as soon as the specimen is subjected 
to load. At low load levels only a small portion of the FPZ will develop and no stresses within 
the material will exceed the tensile strength. This gives a much more realistic description of 
the stress distribution than the linear-elastic solution, which in theory always includes a stress 
singularity. During testing, with increasing load the further extension of the FPZ, which is 
influenced by the specimen size, will cause size effects. For small-sized specimens the highest 
strengths will be determined due to the fact that only a small portion of the energy consuming 
FPZ will have been developed. With increasing specimen size a further strength reduction 
will be observed due to the growing extension of the FPZ. For very large structures the FPZ, 
which will have grown to full extension, may be considered negligible, and LEFM may apply 
for strength prediction.
Further size effects will be caused, as finally a real stress free macro-crack will start to grow, 
but at a certain point the depth of the FPZ decreases as the notch depth increases, which is 
explained by the simple fact that the available space for the FPZ decreases as the notch depth 
increases. Also, boundary effects have been determined, if the crack tip reaches the end of the 
ligament cross-section the length of the FPZ will decrease, i.e. energy dissipation at the 
beginning and end of the ligament is smaller than in the middle section. Hence, specimens 
with a small ligament might show a lower fracture energy than those with a high ligament, 
where the influence of the boundary effect reduces as has been observed e.g. by [Bra88, 
Gui92, Hu90]. Also, [Hil83] found an increase of the extension of the FPZ with increasing 
beam depth for the same reasons. These findings approve of the size dependence of the 
fracture behaviour of concrete which will be analysed according to the FCM within this study 
by FE analysis (Section 6.4.2.1). 
In [Bra88, Hil83, Pet81] a further approach to approximating the flexural strengths depending 
on the ratio of specimen size and characteristic length d/lch has been proposed. This has been 
derived by integrating material relations according to LEFM, but determining the chosen 
values on basis of the FCM and hence taking into account a softening behaviour with the 
development of a FPZ. For example the LEFM parameter of the fracture energy release rate 
GIc is not assumed to be constant, but the observed change of this value with increasing 
specimen dimension is fully taken into account. The parameters of a general formulation of 
these relations have to be adjusted for the material considered, but in any case according to 
this approach for large structures the flexural strength approximates the tensile strength. This 
represents the assumptions of the FCM that the fracture processes within the material are 
governed by the tensile strength. 
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2.5.4 Size effect law by Bazant 
The classical statistical theory of size effects applies to structures that fail as soon as a 
macroscopic fracture initiates in one small material element of the structure (weakest link 
model), but some disagreements with this theory were found through various experiments on 
quasi-brittle materials, which lack plasticity and are characterised by gradual softening in a 
FPZ which is not negligible in comparison to the structure size d, e.g. [Mul95, Wal72]. 
Consequently, a new deterministic energetic theory was proposed, which explains the size 
effect by stress redistribution and the associated energy release due to the development of 
cracks or a FPZ prior to failure [Baz84, Baz98]. In quasi-brittle materials, the failure is 
characterised by both a critical energy per unit area (or the fracture energy Gf) and a critical 
stress (or tensile strength ft). Furthermore, for such materials the parameter of the 
characteristic length lch has been proposed. Hence, linear-elastic fracture mechanics apply 
asymptotically when lch/d ? 0, and in this limited case ft becomes irrelevant. The cohesive (or 
fictitious) crack model is needed when lch/d is not negligible. In that case lch/d ??, Gf
becomes irrelevant and the cohesive crack model leads to an elastic body with a perfectly 
plastic crack of yield strength ft (Fig. 2.15). 
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Fig. 2.14. Sketch for explaining the SEL – slit-like process zone according to [Baz98]. 
This size effect law (SEL) has been explained with the crack band model as follows [Baz98]: 
Considering a rectangular panel (Fig. 2.14) which is initially under uniform stress ?N, the 
introduction of a crack of a length a with a FPZ of a certain length and width h may relieve 
the stress, and thus release the strain energy from the triangular zone on the flanks of the 
crack band shown in Fig. 2.14. The slope k of the effective boundary of this stress relief zone 
need not to be known and is independent of the dimension d for geometrically similar panels. 
The stress release in these triangular zones with the area ka²/2 causes a strain energy release 
Ua = 2(ka²/2)??N²/2E (for the case width of specimen b = 1). The resulting stress drop within 
the crack band of width h causes further strain energy release Ub = ha?N²/E. ?N²/2E gives the 
strain energy density in the band and triangular zone for the intact panel. The total energy 
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crack band shown in Fig. 2.14. The slope k of the effective boundary of this stress relief zone 
need not to be known and is independent of the dimension d for geometrically similar panels. 
The stress release in these triangular zones with the area ka²/2 causes a strain energy release 
Ua = 2(ka²/2)??N²/2E (for the case width of specimen b = 1). The resulting stress drop within 
the crack band of width h causes further strain energy release Ub = ha?N²/E. ?N²/2E gives the 
strain energy density in the band and triangular zone for the intact panel. The total energy 
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dissipated by fracture is W = aGf, where Gf is the fracture energy, considered as a material 
constant representing the energy dissipated per unit area of the fracture surface. Energy 
balance during static failure requires that ?(Ua+Ub)/?a = dW/da. Setting a = d(a/d) (with 
dimension d, and where (a/d) is approximately constant if the failures for different structure 
sizes are geometrically similar), and solving the last equation for ?N yields the size effect law  
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ft is the tensile strength (parameter introduced for convenience), d is a characteristic 
dimension of the structure (in many papers dimension d is referred to as D), B is constant, D0
also is constant and represents the point of transition from the plasticity limit to linear fracture 
mechanics (Fig. 2.15). These constants Bft and D0 are to be determined by fitting the 
experimental data. Note, that D0 depends on the structure shape through the constant k, but is 
independent of structure size if the structures are geometrically similar (d/a = constant). This 
size effect law gives a transitional curve having two lines as asymptotes (Fig. 2.15) according 
to the above mentioned limit cases, i.e. the horizontal line represents the strength criterion, 
and there is no size effect predicted, if the failure only depends on the material strength ft. On 
the other extreme, there is purely brittle behaviour for structures, that fail by crack instability 
at a certain ratio of relative crack length to dimension, i.e. that failure depends on the material 
fracture energy Gf. In such a case the size effect is ?N ? D-1/2, given as an inclined slope of 
k = -1/2 in a bi-logarithmic scale as shown in Fig. 2.15.
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k = - 1/2
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due to energy release
log (size d)
Fig. 2.15. Size effect on strength in a bi-logarithmic plot [Baz98]. 
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Later on, a more general formulation of the size effect law was introduced by [Baz90], where 
the constants B and D0 (Eq. 2.41), which are dependent on shape and material, have been 
replaced by fracture mechanical parameters, which are independent of geometry. As the 
determination of these parameters requires special experiments [RIL90a], which have not 
been carried out within the framework of this thesis, the size effect law according to Eq. 2.41 
has been used for analysing the test results. Many modifications have been proposed for 
special load situations or to describe the size effect in a more general way, like e.g. a non-
local damage model [Baz00], a combined statistical-energetic size effect etc. [Baz04a, 
Baz04b], but they have not been applied within this study. 
2.5.5 Multifractal scaling law by Carpinteri 
The assumption of multifractality for a damaged material micro-structure represents the basis  
for the multifractal scaling law (MFSL) proposed by [Car95, Car99]. From a physical point of 
view material ligaments under peak load can be considered as multifractals (a theoretical 
background of this can be found in [Man83, Man84]), i.e. for smaller scales a self-similar 
distribution of cracks is prevalent whereas for larger scales the disorder is not visible, the size 
of the defects and heterogeneity being limited. Therefore, on the micro-, and meso-level the 
material is considered heterogeneous with a high amount of micro-cracks, where the effective 
area of stress transfer is smaller than the macroscopic cross-section of the specimen. Based on 
these assumptions the analytical expression of this MFSL is given as follows 
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where ?N is the nominal stress, ft is the tensile strength of an infinitely large specimen (ftMFSL
may be replaced by fc
MFSL for compression, or ffl
MFSL for flexural bending), and lch
MFSL
represents an internal material length. Alternatively, the second expression can be used, where 
the constants A and B may be fitted with the experimental data. With this expression it is 
possible to determine the two free parameters using e.g. linear regression in a simple way. 
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Fig. 2.16. Multifractal scaling law – Carpinteri [Car95]. 
For large structures the influence of the fractal nature of cracks becomes negligible which 
implies the vanishing of size effects and the prediction of a constant ?N (horizontal asymptote 
in Fig. 2.16), which is the most important feature for the design of ordinary concrete 
structures. For this case 
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where the constant A represents the asymptotic value representing the strength ft
MFSL or fc
MFSL
respectively. For the limit case of small specimen dimensions d the following expression is 
given
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As the dimension d tends to zero, the slope of the bi-logarithmic diagram tends to k = -1/2 
(Fig. 2.16), which is the LEFM scale effect provided by dimensional analysis. LEFM is 
supposed to govern the collapse mechanisms of an non-notched material when the 
characteristic flaw size a, which is responsible for crack propagation, becomes comparable 
with the macroscopic dimension, i.e. essentially when the disorder of the fractal surface 
comes into play. Thus, as the structural size decreases, the mechanical behaviour tends to the 
asymptote of the disordered or fractal regime. This transition from extreme disorder (slope 
k = -1/2) to extreme order (zero slope) may therefore be found in the bi-logarithmic strength 
vs. size diagram (Fig. 2.16) and may be associated with the micro-structural characteristic size 
lch
MFSL, which theoretically is defined proportional to the maximum aggregate size dmax
A
B
dl MFSLch ??? max?  (2.45) 
where ? may be derived as a constant parameter from the best fit of experimental data 
[Car95]. This means, that for finer grained materials (rocks, ceramics, metals) lch
MFSL should 
be considerably smaller than in the case of concrete, causing the MFSL shift horizontally to 
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where ? may be derived as a constant parameter from the best fit of experimental data 
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be considerably smaller than in the case of concrete, causing the MFSL shift horizontally to 
2.5 Size effect 59
the left in the bi-logarithmic diagram, as these materials are expected to show a more 
homogeneous macroscopic behaviour. In a test series of a large range of specimen sizes even 
for similar concrete mixtures a large scatter of these lch
MFSL was determined, ranging from 
0.015 to 3.0 m for ordinary concrete according to [Mec00]. Hence, these values experience a 
much wider scatter of results than the characteristic length lch and seem not appropriate for the 
evaluation of the micro-structural characteristics of concrete.  
2.5.6 Evaluation of size effect approaches 
The evaluation of these different approaches to size effects on concrete strength by Bazant 
and Carpinteri is rather difficult as, in general, the test series are carried out within a size 
range, where both laws are valid. In e.g. [Car95, Car97, Car98, Car99, Kim03] data of 
specimens within a size range of 1:8, and even up to 1:17, have been analysed applying both 
approaches. The results were found in an area where the two curves according to the SEL or 
the MFSL converge around their common tangent (Fig. 2.17). 
Fig. 2.17. Multifractal scaling law and size effect law for 4-point bending tests on ordinary concrete 
[Car95]. 
Consequently, the results of laboratory test series are likely to be described sufficiently well 
with both size effect laws, while for dimensioning the extrapolation of a reliable nominal 
strength holding for realised structures is required. Up to the present day there is controversy 
about the validity of these theories and usually a focus is put on the accuracy of strength 
prediction for large structures, which is relevant for practical purpose. Often this strength 
prediction is based on a very limited size range and number of test results as obtained in 
laboratory conditions, and hence the reliability of strength prediction for large structures 
should always be considered very carefully. 
In the case of TRC the constructed elements might even be of a smaller size range than the 
laboratory specimens, i.e. in contrast to ordinary concrete the strength prediction and size 
effect analysis will be decisive for the extreme of small dimensions. Considering the MFSL 
by Carpinteri, the prediction of a strong increase in nominal strength for small specimens 
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theoretically being infinite for specimen size zero, seems rather unrealistic. Also, the MFSL 
has been criticised for not capturing the transition to Weibull’s size effect law for very large 
sizes. In contrast to the MFSL, the classical SEL by Bazant seems more realistic for small 
sizes, but can be criticised for the prediction of a theoretical zero nominal strength for infinite 
large structures. It should be noted that modifications of this SEL have been proposed for 
specific applications. However, from the mathematical point of view the prediction of zero 
strength is correct when dimensions are infinite. In practice, e.g. for larger dams the 
dimensions are fare from infinite size. Therefore it might be more safe to predict the strength 
of large structures according to the SEL by Bazant. At least the fracture energy concept 
(cohesive or fictitious crack model) in connection with FE methods leads to similar results of 
strength prediction. A general result of size effect analysis through cohesive crack models is 
that notched and non-notched structures behave very differently, as illustrated in Fig. 2.18 for 
3-point bend beams. 
Fig. 2.18. Size effect curves for notched and non-notched 3-point bend beams [Baz98]. 
For notched structures analysed through cohesive crack models the overall trend follows 
Bazant’s size effect law, i.e. in a bi-logarithmic plot, as given in Fig. 2.18, the size effect 
curve has a horizontal asymptote for small sizes and an inclined slope asymptote of slope –1/2 
for large sizes, corresponding respectively, to the plastic and LEFM limits. However, the 
details of the equation are different [Baz98]. Non-notched specimens following the cohesive 
crack model behave in a different way as shown by the corresponding curve in Fig. 2.18. The 
size effect displays two horizontal asymptotes, one for small sizes, corresponding to plastic 
analysis, and one for large sizes that corresponds to an elastic-brittle model (failure occurs as 
soon as the maximum principal stress at any point reaches ft).
2.5.7 Size effect in compression 
Just as for tensile failure, compression failure of quasi-brittle materials like concrete often 
exhibits a size effect, but under compression some special features should be considered. In 
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compression tests friction forces at the load plates result in overestimated compressive 
strengths for compact specimens. For this reason, only specimens of the same geometry 
should be used for size effect analysis in compression. Using different specimen sizes but the 
same specimen geometry will always lead to an increased ratio of surface area to volume 
(A/V) with increasing specimen size. Hence, diffusion based phenomena like drying, 
carbonation, shrinkage and temperature gradients may cause size effects [Bon59] in different 
ways (Section 2.5.1). Apart from hydration processes, which inevitably will produce higher 
hydration heat for larger volumes, within this work diffusion based phenomena are avoided 
by the most part, as a sealed storage at a constant temperature is chosen. Still, influences due 
to drying and resulting residual stresses may not be avoided during the procedure of specimen 
preparation and testing. 
Most investigations into the size effect have been performed for tensile loading, and only a 
few test series have been carried out on compressive strengths. The test series on size effects 
under compression with centric loading have been carried out for ordinary and high strength 
concrete specimens in the size range of 1:4 with side lengths up to 500 mm e.g. [Alb67, 
Baa92, Bon59, Gae62]. In the test series of [Alb67, Bon59] a reduction in compressive 
strength (up to ~ 30 %) for increasing specimen sizes was found for cubic specimens with a 
side length of 100, 200, and 400 mm. In [Baa92] a similar reduction in strength was observed 
for high strength concrete. Some test series, like those of [Aci99, Gae62, Hol98] have not 
found significant size effects for ordinary concrete specimens in a similar size range. The 
above mentioned reductions in compressive strength with increasing specimen size have been 
explained by means of the deterministic approach according to [Wei39], assuming a higher 
probability of weakened regions, like e.g. micro-cracks, pores and voids, for larger specimen 
sizes with a higher material volume. Only a few data of centric loaded specimens in 
compression have been analysed with the size effect laws according to Bazant and Carpinteri. 
In [Car99] a good fit of experimental results with the predicted strength reduction for 
increasing specimen sizes was found for both laws, as the results of the tested specimens were 
in a size range, were both laws predict similar strengths. 
In brittle or quasi-brittle materials, compression failure begins by the formation of axial 
splitting cracks, but according to numerical investigations of [Baz92] theoretically 
longitudinal axial splitting cracks do not change the global stress field, and therefore cause no 
global release of energy. Thus, according to the energetic approach, this failure mode does not 
exhibit a size effect. As described in Section 2.3.2, the failure mode of pure axial splitting 
would be true only for ideal compression tests without any friction between concrete surface 
and load plate. Macroscopically, shear failures are often observed, but the microscopic 
physical mechanisms are different and normally consist of tensile micro-cracking inclined to 
the shear direction. Pores or inclusions, for example, may cause such microscopic 
mechanisms which result in compression fracture, but as these cracks are usually restricted by 
the magnitude of these irregularities themselves, they produce a profile of self-equilibrated 
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micro-stresses. These average to a zero transverse stress on the macro-scale and may not be 
the source of size effects. Hence, a macroscopic model was formulated to explain how these 
micro-cracks develop and finally propagate as cracks on the macroscopic scale by [Baz97a]. 
This model suggests that the principal failure mode is sideways propagation of a band of 
parallel axial splitting cracks [Baz94b, Baz98], in a direction either orthogonal or inclined 
with respect to the direction of compression, as shown in Fig. 2.19, and shear slip being only 
the terminal post-peak mechanism of final break. 
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Fig. 2.19. Splitting cracks, buckling of micro-slabs, and stress relief zone according to [Baz97a]. 
The type of fracture that will finally occur, depends on the geometry, size, and boundary 
conditions of the structure. The axial splitting releases energy only from the axial crack band 
itself, but not from the adjacent material and thus cannot cause a size effect. This gives a 
horizontal line for the plots of ?N versus L in Fig. 2.20 (where ?N is the nominal strength, L 
the height of the specimen, and d the dimension of the specimen). The propagation band also 
releases energy from the zone adjacent to the crack band. If geometric similarity is given, this 
zone increases quadratically with the specimen size, and so does the energy release from this 
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micro-stresses. These average to a zero transverse stress on the macro-scale and may not be 
the source of size effects. Hence, a macroscopic model was formulated to explain how these 
micro-cracks develop and finally propagate as cracks on the macroscopic scale by [Baz97a]. 
This model suggests that the principal failure mode is sideways propagation of a band of 
parallel axial splitting cracks [Baz94b, Baz98], in a direction either orthogonal or inclined 
with respect to the direction of compression, as shown in Fig. 2.19, and shear slip being only 
the terminal post-peak mechanism of final break. 
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Fig. 2.20. Schematic size effect curves for variable specimen length and constant specimen width 
according to [Baz98]. 
These considerations finally lead to a modified size effect law for compression, but an explicit 
formula for ?N as a function of the dimension d cannot be obtained [Baz97a]. The crack band 
propagation criterion leads to a rather complex general form (see [Baz97a] for the 
mathematical derivation and verification of the model) and requires specific experiments for 
the determination of the required input parameters. According to this model [Baz94a] for very 
large sizes d the asymptotic size effect in compression failure is found to be 
5/2?? dN?  (2.46) 
where ?N is the nominal strength, d is the characteristic dimension of the structure. Hence, the 
size effect is not as significant as for LEFM, where ?N ? d-1/2 (Eq. 2.26 and 2.27). The 
difference in the asymptotic size effect is caused by the fact that the spacing of the assumed 
axial splitting cracks is not constant, but decreases with size d asymptotically as d-1/5. For 
specimens of very small size, in which the fracture process zone occupies nearly the entire 
specimen volume, the size effect vanishes for both the laterally and axially propagating crack 
bands. The main finding for the modified size effect under compression is the change in the 
slope of asymptote for larger specimens. For this reason within the scope of the present thesis 
the size effect law (Eq. 2.40) has been written in a modified form as follows, similar to the 
work of [Bur02],
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where ?N is the nominal strength, ft is the tensile strength, d is a characteristic dimension of 
the structure, Bcft and D0,c are constants. Similar adjustments of the inclined asymptote for a 
completely different test configuration compared to the theoretical case of pure tension 
(Fig. 2.14) have been carried out by [Baz94c] for the case of fibre or bar pull-out tests. This 
modified expression gives ?N ? d-2/5 for d >> D0,c as required for compressive failure 
2.5 Size effect 63
log (strength ?N)
axial splitting
lateral crack
band propagation
decrease of  due
to energy release
??
specimen length L
L
Fig. 2.20. Schematic size effect curves for variable specimen length and constant specimen width 
according to [Baz98]. 
These considerations finally lead to a modified size effect law for compression, but an explicit 
formula for ?N as a function of the dimension d cannot be obtained [Baz97a]. The crack band 
propagation criterion leads to a rather complex general form (see [Baz97a] for the 
mathematical derivation and verification of the model) and requires specific experiments for 
the determination of the required input parameters. According to this model [Baz94a] for very 
large sizes d the asymptotic size effect in compression failure is found to be 
5/2?? dN?  (2.46) 
where ?N is the nominal strength, d is the characteristic dimension of the structure. Hence, the 
size effect is not as significant as for LEFM, where ?N ? d-1/2 (Eq. 2.26 and 2.27). The 
difference in the asymptotic size effect is caused by the fact that the spacing of the assumed 
axial splitting cracks is not constant, but decreases with size d asymptotically as d-1/5. For 
specimens of very small size, in which the fracture process zone occupies nearly the entire 
specimen volume, the size effect vanishes for both the laterally and axially propagating crack 
bands. The main finding for the modified size effect under compression is the change in the 
slope of asymptote for larger specimens. For this reason within the scope of the present thesis 
the size effect law (Eq. 2.40) has been written in a modified form as follows, similar to the 
work of [Bur02],
5/2
,0
1 ?
?
?
?
?
?
?
?
?
?
c
tc
N
D
d
fB?  (2.47) 
where ?N is the nominal strength, ft is the tensile strength, d is a characteristic dimension of 
the structure, Bcft and D0,c are constants. Similar adjustments of the inclined asymptote for a 
completely different test configuration compared to the theoretical case of pure tension 
(Fig. 2.14) have been carried out by [Baz94c] for the case of fibre or bar pull-out tests. This 
modified expression gives ?N ? d-2/5 for d >> D0,c as required for compressive failure 
2.5 Size effect 63
log (strength ?N)
axial splitting
lateral crack
band propagation
decrease of  due
to energy release
??
specimen length L
L
Fig. 2.20. Schematic size effect curves for variable specimen length and constant specimen width 
according to [Baz98]. 
These considerations finally lead to a modified size effect law for compression, but an explicit 
formula for ?N as a function of the dimension d cannot be obtained [Baz97a]. The crack band 
propagation criterion leads to a rather complex general form (see [Baz97a] for the 
mathematical derivation and verification of the model) and requires specific experiments for 
the determination of the required input parameters. According to this model [Baz94a] for very 
large sizes d the asymptotic size effect in compression failure is found to be 
5/2?? dN?  (2.46) 
where ?N is the nominal strength, d is the characteristic dimension of the structure. Hence, the 
size effect is not as significant as for LEFM, where ?N ? d-1/2 (Eq. 2.26 and 2.27). The 
difference in the asymptotic size effect is caused by the fact that the spacing of the assumed 
axial splitting cracks is not constant, but decreases with size d asymptotically as d-1/5. For 
specimens of very small size, in which the fracture process zone occupies nearly the entire 
specimen volume, the size effect vanishes for both the laterally and axially propagating crack 
bands. The main finding for the modified size effect under compression is the change in the 
slope of asymptote for larger specimens. For this reason within the scope of the present thesis 
the size effect law (Eq. 2.40) has been written in a modified form as follows, similar to the 
work of [Bur02],
5/2
,0
1 ?
?
?
?
?
?
?
?
?
?
c
tc
N
D
d
fB?  (2.47) 
where ?N is the nominal strength, ft is the tensile strength, d is a characteristic dimension of 
the structure, Bcft and D0,c are constants. Similar adjustments of the inclined asymptote for a 
completely different test configuration compared to the theoretical case of pure tension 
(Fig. 2.14) have been carried out by [Baz94c] for the case of fibre or bar pull-out tests. This 
modified expression gives ?N ? d-2/5 for d >> D0,c as required for compressive failure 
2.5 Size effect 63
log (strength ?N)
axial splitting
lateral crack
band propagation
decrease of  due
to energy release
??
specimen length L
L
Fig. 2.20. Schematic size effect curves for variable specimen length and constant specimen width 
according to [Baz98]. 
These considerations finally lead to a modified size effect law for compression, but an explicit 
formula for ?N as a function of the dimension d cannot be obtained [Baz97a]. The crack band 
propagation criterion leads to a rather complex general form (see [Baz97a] for the 
mathematical derivation and verification of the model) and requires specific experiments for 
the determination of the required input parameters. According to this model [Baz94a] for very 
large sizes d the asymptotic size effect in compression failure is found to be 
5/2?? dN?  (2.46) 
where ?N is the nominal strength, d is the characteristic dimension of the structure. Hence, the 
size effect is not as significant as for LEFM, where ?N ? d-1/2 (Eq. 2.26 and 2.27). The 
difference in the asymptotic size effect is caused by the fact that the spacing of the assumed 
axial splitting cracks is not constant, but decreases with size d asymptotically as d-1/5. For 
specimens of very small size, in which the fracture process zone occupies nearly the entire 
specimen volume, the size effect vanishes for both the laterally and axially propagating crack 
bands. The main finding for the modified size effect under compression is the change in the 
slope of asymptote for larger specimens. For this reason within the scope of the present thesis 
the size effect law (Eq. 2.40) has been written in a modified form as follows, similar to the 
work of [Bur02],
5/2
,0
1 ?
?
?
?
?
?
?
?
?
?
c
tc
N
D
d
fB?  (2.47) 
where ?N is the nominal strength, ft is the tensile strength, d is a characteristic dimension of 
the structure, Bcft and D0,c are constants. Similar adjustments of the inclined asymptote for a 
completely different test configuration compared to the theoretical case of pure tension 
(Fig. 2.14) have been carried out by [Baz94c] for the case of fibre or bar pull-out tests. This 
modified expression gives ?N ? d-2/5 for d >> D0,c as required for compressive failure 
64 2 Literature review
according to Eq. 2.47. Just as for tension, for d << D0,c the formula reduces to ?N = constant 
(no size effect). This modified form of the size effect law for compression (SEL-C) will give 
very similar predicted strengths for small specimens as the unmodified size effect law (SEL). 
These variations are within the scatter of the fitting procedure of the constants Bcft and D0,c
based on experimental data. 
Furthermore, several test series on scale effects in compression have been carried out on 
notched [Baz99] or eccentrically loaded specimens e.g. [Baz92, Baz94a, Bur02, Deb01, 
Sen99]. In these cases eccentric loading was chosen as this will produce both a compression 
and tension zone representing the stress state of load carrying structural elements in practice 
like e.g. columns, walls etc. For these specimens the failure mechanisms are related to 
bending and consequently different from those considered within this work. Still, these 
features might also be relevant for TRC structural elements, which will experience tension 
and compression zones due to bending or eccentric loading within structures, but within this 
work it was the objective to investigate the single component of the matrix system, and as a 
first step, size effects for centric compression only were analysed. 
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CHAPTER 3
FINE GRAINED CONCRETE
The fine grained binder systems used as matrix for TRC meet special demands regarding 
production processes, mechanical properties of the composite and durability of the textile 
reinforcement [Bra02, Rau02]. Typically, they show highly flowable consistencies which 
offer full penetration of technical textiles. These special properties are achieved by using a 
small maximum grain size dmax of 0.6 mm, high binder contents, by adding different 
pozzolanic additives, and high performance plasticisers. 
3.1 Mixture composition 
The mixtures shown in Table 3.1 have been developed within the collaborative research 
centre SFB 532 [Bro01]. Mixture PZ-0899-01 is the reference mixture within this project also 
for the experimental investigations of this thesis. This mixture contains pozzolanic additives 
for rheological as well as for mechanical reasons but also for durability aspects. AR-glass, 
which is mainly used as textile reinforcement material for TRC, shows a limited stability in 
the alkaline environment of OPC (ordinary portland cement) with pH values between 13 to 14 
and a high amount of calcium hydroxide (Ca(OH)2) for ordinary w/b ratios. An increase in 
stability is attained by reducing the OPC clinker content via substitution with pozzolanic 
additives, like fly ash and silica fume, and hence reducing the initial amount Ca(OH)2. A 
strong reduction in alkalinity is achieved due to the pozzolanic reaction of the silica fume, in 
the course of which the Ca(OH)2 present in the pore solution of the hardened cement paste 
reacts with the dissolved SiO2 to form the strength-enhancing calcium silicate hydrate phases. 
Still, for reasons of workability the addition of silica fume was limited to 5 % by mass of the 
total binder content. Fly ash also shows a pozzolanic reaction but it is slower than silica fume 
and therefore even more significant for higher concrete ages [Zha91, Wie98]. These additives 
are used in combination for rheological reasons, but also for an advanced pozzolanic reaction 
as observed in [Sch96]. For mixture FA-1200-01 more than half the cement content, i.e. 
280 kg/m³ is substituted by fly ash, also for durability reasons. A low pH value and an 
improved durability performance of AR-glass could be achieved as shown in [Rau02]. The 
resulting very high w/beff ratio consequently leads to a high amount of capillary pores and 
hence to comparatively lower strengths at the testing age of 28 days considered within the 
testing programme. 
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3 Fine grained concrete66
Mixture RP-03-2E was mainly developed for mechanical reasons in order to enhance the 
service load of TRC elements [Bra03b], like e.g. I-sections or U-profiles, which do not only 
require high tensile but also high compressive strengths in the compression zone. Due to a 
high cement and binder content, which is two times the binder content of the reference 
mixture, and a low w/beff ratio this mixture offers a dense structure and high strengths.
These three mixtures were chosen for the mechanical and fracture mechanical experimental 
investigations, because a varying brittleness and fracture behaviour is expected due to the 
matrix composition with different w/c and w/beff ratios, and hence different strengths.
Table 3.1. Composition of mixtures. 
Mixture PZ-0899-01 FA-1200-01 RP-03-2E 
Cement CEM I 52.5 (c) 490 210 980 
Fly ash (f) 175 455 210 
Silica fume (s), as slurry 35 35 210 
Binder content (b) 700 700 1400 
Water (w) 
kg/m³ 
280 280 350 
w/c 0.57 1.33 0.36 
w/beff
1)
-
0.47 0.65 0.27 
Plasticiser
(Polycarboxylate) % p.m. of binder 1.00 0.85 2.45 
Siliceous fines 0-0.25 mm 
(Rhine material) 500 468 118 
Siliceous sand 0.2-0.6 mm 
(Rhine material) 714 668 168 
Total aggregate content 
kg/m³ 
1214 1136 286 
1) w/beff = w/(c + 0.4 f + s) 
3.2 Specimen preparation and storage 
All fine grained binder systems are prepared in a standard mortar mixer according to 
[DIN EN 196-1] and mixed for 1.5 minutes followed by an interruption of 2 minutes and then 
another mixing period of 1.5 minutes. If not quoted otherwise, after casting all concrete 
specimens are compacted for 60 sec. on a V-B table with a vibration amplitude of 0.5 mm. 
Afterwards the specimens are cured in the mould for 24 hours at a temperature of 20 °C and 
95 % RH. Afterwards, apart from the experiments described in Chapter 7 according to 
carbonation effects, for all testing specimens a sealed storage at a temperature of 20 °C until 
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w/beff
1)
-
0.47 0.65 0.27 
Plasticiser
(Polycarboxylate) % p.m. of binder 1.00 0.85 2.45 
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Siliceous sand 0.2-0.6 mm 
(Rhine material) 714 668 168 
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3.3 Fresh concrete properties 
Using a small maximum grain size of 0.6 mm and adding both additives, fly ash and silica 
fume, in combination the mixtures do not meet the regulations of the German Standards 
[DIN 18555-2, DIN EN 206-1] for mortars or concrete. Hence suitable test methods had to be 
chosen to evaluate the workability and characteristic properties of the fresh concrete.  
Air content and density of the fresh concrete are determined according to German Standard 
[DIN 18555-2] for mortars. The consistency of the mixtures is determined by slump flow and 
flow time similar to testing procedures also used for self compacting concrete. Both testing 
procedures are described in detail in [Bra01]. Table 3.2 shows the results of the testing of the 
fresh concrete. 
Table 3.2. Fresh concrete properties. 
Fresh concrete properties PZ-0899-01 FA-1200-01 RP-03-2E 
Air content % 0.4 1.3 1.0 
Density kg/m³ 2239 2113 2140 
s10min 340 290 310 
Slump flow  
s30min
mm
340 290 320 
f10min 6.4 4.3 5.0 
Flow time
f30min
sec
7.2 4.5 6.2 
All mixtures show a suitable consistency, also in regard to production processes of TRC 
elements, as the rheological properties of the fresh concrete have been measured to be within 
the limits of 250 to 350 mm for slump flow and 3 to 11 sec. for flow time. Previous 
investigations in regard to the workability and rheological properties of different mixtures as 
described in [Bra01] have already shown that the consistency of a fine grained concrete 
within these limits can be classified as suitable regarding fluidity. 
3.4 Hardened concrete properties 
The mechanical properties like the compressive and tensile strength as well as fracture 
mechanical parameters regarding possible size effects will be discussed in detail in the 
following main chapters. In order to principally characterise the fine grained concrete 
mixtures preliminary tests were carried out. The basic parameters of the hardened concrete 
like the flexural strength ffl, compressive strength fc, Young’s modulus Ec, shrinkage, 
carbonation, and furthermore structural properties like permeability, gas diffusion 
coefficients, and porosity were determined at a concrete age of 28 days. The results are given 
in Table 3.3. The specimen preparation and storage was carried out as described in 
Section 3.2, if not quoted otherwise. The compressive and flexural strengths were determined 
by testing specimens of dimensions 40 x 40 x 160 mm³ according to the German Standard 
[DIN EN 12390-3] for mortars. The determination of the Young’s modulus, shrinkage and 
carbonation is described in detail in [Bra01]. For carbonation and shrinkage the specimens 
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3 Fine grained concrete68
were stored continuously at a temperature of 20 °C and 65 % relative humidity. For shrinkage 
the final values at a concrete age of 365 days are given in Table 3.3. The structural properties 
like permeability, diffusion coefficient, and porosity were determined as described in 
[Bra03c].
Table 3.3. Hardened concrete properties at a testing age of 28 days determined by preliminary tests. 
Hardened concrete properties PZ-0899-01 FA-1200-01 RP-03-2E 
Compressive strength fc 74.2 32.3 117.7 
Flexural strength ffl 7.6 5.1 8.1 
Young’s modulus Ec
N/mm² 
33 000 25 600 29 500 
Shrinkage after 365 days1) mm/m 0.9 0.7 2.0 
Carbonation depth1) mm 1.9 6.1 0.8 
Permeability2) m² ? 10-16 1.43 3.52 n.d.3)
O2-diffusion coefficient
2) m²/s ? 10-7 0.11 0.18 n.d.3)
Mercury intrusion porosity 
(cumulative porosity)2) 14.9 20.7 9.1 
Water adsorption under a 
pressure of 15 Mpa 
(total porosity)2)
Vol.-%
20.0 21.1 15.3 
1) – storage: 20 °C, 65 % RH 
2) – storage: 20 °C, water 
3) – n.d. – not determined  
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CHAPTER 4
UNIAXIAL COMPRESSION (SHORT-TERM STATIC LOADS)
The mechanical properties of the fine grained concrete matrices used in textile reinforced 
elements are input parameters for analytical and numerical modelling of the new composite. 
As textile reinforced structures often show a wall thickness of about 10 mm only, appropriate 
specimen sizes and testing procedures have to be defined. Hence, this section shows the 
development of an experimental testing method to determine the deformation behaviour under 
short-term compressive load of small-sized specimens with a high accuracy regarding 
specimen dimensions and evenness. The ?-? behaviour (up to maximum load), compressive 
strength ?c, Young’s modulus Ec and strain at maximum load ?u were determined as 
mechanical parameters which are relevant for dimensioning textile reinforced structures. 
4.1 Introduction
In the classical theories based on plasticity or limit analysis, the strength of geometrically 
similar structures is independent of the structure size, but experimental results show that 
quasi-brittle materials like concrete, rocks or ceramics, exhibit a dependence of the nominal 
stress at ultimate load on the specimen size, the so-called size effect. Different models have 
been proposed to predict a strength reduction with size increase in concrete structures, like 
e.g. pure statistical effects by Weibull´s weakest link theory [Wei39], the fracture mechanic 
size effect law by Bazant [Baz98], and multifractal scaling laws by Carpinteri [Car99], see 
Section 2.5. The failure mode of compressed concrete specimens can be considered resulting 
from local tensile mechanisms, or from a combination of tensile and shear mechanisms, 
according to the specimens geometry. Therefore, it is one objective of the presented 
investigations to analyse possible size effects on the compressive strength of fine grained 
concrete. The investigations cover a size range from 1 to 10, using specimens of quadratic 
cross-sections with side lengths d = 10, 20, 40, 80, and 100 mm and a varying slenderness 
? = 1, 2, and 4, as shown in Table 4.2. High precision moulds were specially produced in 
order to meet the high accuracy requirements regarding specimen length, plane parallelism, 
and evenness [Bra03a]. 
The deformation response under short-term compressive load and the corresponding 
mechanical parameters were determined for the different specimen sizes and geometry. 
Finally mathematical formulations for the ?-??curves were defined e.g. in accordance with the 
Model Code 90 [CEB93] and German Standard [DIN 1045-1]. 
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4.2 Experimental methods 
As the investigated size dimensions are usually not relevant for ordinary concrete, special 
requirements according to mould construction and specimen preparation had to be considered 
as described in the following Section 4.2.1. 
4.2.1 Specimen preparation  
All specimens were prepared for the mixtures PZ-0899-01, FA-1200-01, RP-03-2E according 
to Section 3.2. For casting the small-sized specimens the same procedure was always chosen, 
e.g. the same amount of concrete by mass was poured into the mould to minimise inevitable 
differences of the specimen height due to inaccuracies of the casting side. To assure 
reproducible results of the compression tests maximum tolerances regarding the specimen 
length, plane parallelism, and evenness were defined according to the German Standard 
[DIN EN 12390-1], as shown in Table 4.1. 
Table 4.1. Accuracy requirements according to [DIN EN 12390-1]. 
Specimen dimension Evenness Plane parallelism 
Thickness d Max. tolerance as required   
mm mm mm 
10 0.05 < 0.0075 
20 0.1 < 0.015 
40 0.2 < 0.030 
80 0.4 < 0.060 
100 0.5 < 0.075 
?
?max = 0.095 ° 
The specimens with dimensions d = 10, 20, and 40 mm were produced using high precision 
moulds which were constructed as shown in Fig. 4.1. Two L-shaped orthogonal elements 
(steel SC37K, ft,steel = 370 N/mm²) were produced, with the use of a high-precision milling 
machine and a subsequent co-planar grinding of the single elements guaranteeing a high 
accuracy. For specimens with d = 80 and 100 mm the accuracy requirements were met by PE-
moulds.
variable length l
thickness d
40 mm
fine grained concrete 
Fig. 4.1. Mould for small-sized specimens (sketch and photograph). 
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A coordinate measuring technique, normally used for precision mechanics, was chosen to 
measure and verify the accuracy of the dimensions, plane parallelism and evenness of the 
small-sized specimens with d = 10, 20, and 40 mm. The measurements were executed at the 
WZL (Laboratory for Machine Tools and Production Engineering), RWTH Aachen 
University, using a testing machine ZEISS UPMC 850 with a tolerance of 1 µm.  
a)
x
y
z
A
BB
A
b)
B
A
c)
a ? b
d)
B
Aa
b
Fig. 4.2. a) Coordinate measuring technique.b) Specimen length.  
c) Plane parallelism.d) Evenness. 
The spatial coordinates (x, y, z) of different measuring points at each surface, apart from the 
fixed base side, are taken by the ball-shaped sensor (Fig. 4.2 a) to define a line, or rather plane 
of regression by fitting the data. The evaluated specimen dimensions are defined by the 
distance of two opposite lines/planes of regression, the axes A-A, and B-B, and are 
determined by the mean of all distances taken from the measuring points A and B, as shown 
in Fig. 4.2 b. 
The plane parallelism of the specimens is evaluated by determination of the angle ? of the 
normal vectors a
?
 and b
?
 of opposite lines/planes of regression ( ?cos??ba
??
), see Fig. 4.2 c. 
The evenness of each side surface is defined by adding the distances a and b of the two most 
distant measuring points A and B in the negative, and positive direction respectively, from the 
line/plane of regression (Fig. 4.2 d). Hence, a small value indicates a high degree of evenness.
These extensive investigations have been carried out for selected small-sized specimens to 
verify the high accuracy. The results of these measurements can be found in [Bra03a, Lau03]. 
The accuracy requirements according to Table 4.1 were basically met by all specimens. Slight 
deviations from the strict accuracy requirements were observed only for the casting side of the 
specimens. These deviations were considered negligible and the moulds were used as 
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constructed. The observed fracture patterns (Section 4.3.1) and small relative standard 
deviations of the compressive strength (Table A.10.2 to Table A.10.4, Appendix), which are 
below 5 % for most test series, indicate that there is no significant influence on the fracture 
behaviour due to any imprecision of the casting side, or any of the measured inaccuracies 
regarding plane parallelism and evenness.  
4.2.2 Test set-up 
The compression tests were carried out for the mixtures PZ-0899-01, FA-1200-01, RP-03-2E. 
The testing programme and the specimen dimensions are shown in Table 4.2. The specimens 
with a dimension d of 10, 20, and 40 mm and a slenderness ? of 1, 2, and 4 as well as the test 
set-up for a specimen with dimensions 10 x 10 x 20 mm³ are shown exemplary in Fig. 4.3.  
For all specimens with dimensions d of 40, 80, and 100 mm a hinged pressure plate was used, 
while for the small-sized specimens with d = 10, and 20 mm it appeared difficult to achieve 
centric loading using hinged pressure plates which was indicated by transverse cracks. Hence, 
additional compression tests on cubic specimens with a side length d = 20 mm were carried 
out using a hinged pressure plate (calotte), or rigidly fixed stiff pressure plates respectively. 
As no significant influence on the load-deformation behaviour was observed for the different 
testing conditions, eventually fixed pressure plates were used for the specimens with a 
dimension d of 10 and 20 mm. To ensure centric loading all specimens were centred in the 
middle of the base plate using specially designed gauge blocks as described in [Bra03a]. To 
ensure plane parallelism deviations of the pressure plates were measured. With measured 
? = 0.015 to 0.027 ° < ?max = 0.095 ° according to [DIN EN 12390-4] they showed a high 
precision. The pressure plates also met the requirements of hardness (Rockwell hardness) and 
stiffness as defined in German Standard [DIN EN 12390-4].  
d  = 10 x 10 x 20 mm³
Fig. 4.3. a) Specimens with d = 10, 20, and 40 mm. 
b) Test set-up with a specimen of dimension 10 x 10 x 20 mm³. 
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Table 4.2. Testing programme for compression tests (short-term loads). 
Mixture Specimen dimension 
b x d x l1) [mm] 
Slenderness
?
Compressive strength
fc
?c-?c Poisson’s ratio 
?
10 x 10 x 10 - 
20 x 20 x 20 
40 x 40 x 40 
x
80 x 80 x 80 
100 x 100 x 100 
1
-
-
10 x 10 x 20 
20 x 20 x 40 
40 x 40 x 80 
x - 
80 x 80 x 160 
2
- x 
10 x 10 x 40 
20 x 20 x 80 
40 x 40 x 160 
x - 
PZ-0899-01 
FA-1200-01 
RP-03-2E
80 x 80 x 320 
4
All specimens 
- x 
1) b – width, d – thickness of specimen, l – length 
2) ? = l/d 
The maximum load, and hence compressive strength, was determined for all specimens, while 
the load-deformation curves were determined for selected specimens only. For the specimens 
of the smallest dimensions 10 x 10 x 10 mm³ there was not enough space to apply small strain 
gauges and furthermore, to reduce the testing programme, the deformations were not 
determined for concrete specimens with a side length d of 80 and 100 mm. The transverse 
strain was measured for selected specimens of d = 80 mm only (Table 4.2) using strain gauges 
with a length of 20 mm. From the ratio of transverse to axial strains ?t/?l the Poisson’s ratio ?
was derived for these measurements.  
For all specimens with d = 10, 20, and 40 mm the load-deformation measurements were 
carried out using a universal testing machine INSTRON 5587 (10 kN) controlled by cross-
head displacement, while the specimens with d = 80 and 100 mm were tested on a universal 
testing machine FORM + TEST (3000 kN) by load control. After applying a pre-load of about 
100 N the load rates were chosen in accordance with the specimen size and concrete type, 
which lead to a testing duration of about 60 to 100 seconds for all tested specimens. The load 
rates and the length of the strain gauges are shown in Table A.10.1, Appendix. 
For the measurement of the deformations during loading strain gauges were applied in the 
middle of two opposite side surfaces, and for selected specimens even on three side surfaces, 
excluding the casting side, as this has a slightly rougher surface. The strain gauges were 
chosen adjusted to the specimen sizes and hence lengths between 6 and 100 mm were used, 
see Table 4.2.
4.2 Experimental methods 73
Table 4.2. Testing programme for compression tests (short-term loads). 
Mixture Specimen dimension 
b x d x l1) [mm] 
Slenderness
?
Compressive strength
fc
?c-?c Poisson’s ratio 
?
10 x 10 x 10 - 
20 x 20 x 20 
40 x 40 x 40 
x
80 x 80 x 80 
100 x 100 x 100 
1
-
-
10 x 10 x 20 
20 x 20 x 40 
40 x 40 x 80 
x - 
80 x 80 x 160 
2
- x 
10 x 10 x 40 
20 x 20 x 80 
40 x 40 x 160 
x - 
PZ-0899-01 
FA-1200-01 
RP-03-2E
80 x 80 x 320 
4
All specimens 
- x 
1) b – width, d – thickness of specimen, l – length 
2) ? = l/d 
The maximum load, and hence compressive strength, was determined for all specimens, while 
the load-deformation curves were determined for selected specimens only. For the specimens 
of the smallest dimensions 10 x 10 x 10 mm³ there was not enough space to apply small strain 
gauges and furthermore, to reduce the testing programme, the deformations were not 
determined for concrete specimens with a side length d of 80 and 100 mm. The transverse 
strain was measured for selected specimens of d = 80 mm only (Table 4.2) using strain gauges 
with a length of 20 mm. From the ratio of transverse to axial strains ?t/?l the Poisson’s ratio ?
was derived for these measurements.  
For all specimens with d = 10, 20, and 40 mm the load-deformation measurements were 
carried out using a universal testing machine INSTRON 5587 (10 kN) controlled by cross-
head displacement, while the specimens with d = 80 and 100 mm were tested on a universal 
testing machine FORM + TEST (3000 kN) by load control. After applying a pre-load of about 
100 N the load rates were chosen in accordance with the specimen size and concrete type, 
which lead to a testing duration of about 60 to 100 seconds for all tested specimens. The load 
rates and the length of the strain gauges are shown in Table A.10.1, Appendix. 
For the measurement of the deformations during loading strain gauges were applied in the 
middle of two opposite side surfaces, and for selected specimens even on three side surfaces, 
excluding the casting side, as this has a slightly rougher surface. The strain gauges were 
chosen adjusted to the specimen sizes and hence lengths between 6 and 100 mm were used, 
see Table 4.2.
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4.3 Test results 
4.3.1 Fracture patterns 
For all specimens of different geometry the observed crack patterns showed the typical 
features as known from ordinary concrete [DIN EN 12390-3]. Even for the smallest specimen 
sizes with d = 10 and 20 mm (Fig. 4.4), the typical fracture patterns of truncated pyramids 
were observed. These observed fracture patterns indicate that centric loading and a stable 
testing procedure were attained. 
a)
d = 10 mm
 b) 
d = 10 mm
Fig. 4.4. a) Fracture patterns of cube d = 10, 20 mm, ? = 1. 
b) Fracture patterns of prism d = 20 mm, ? = 2. 
4.3.2 Stress-strain curves  
From the measured loads and deformation response the corresponding ?-? curves were 
derived for all mixtures [Schr04]. In Fig. 4.5 to Fig. 4.13 the mean curves, which represent the 
results of three specimens each, are shown, separately for each slenderness ? = 1, 2, and 4 for 
all tested specimen sizes.  
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Fig. 4.6. Stress-strain curves PZ-0899-01, slenderness?? = 2. 
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Fig. 4.7. Stress-strain curves PZ-0899-01, slenderness?? = 4. 
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Fig. 4.8. Stress-strain curves FA-1200-01, slenderness?? = 1. 
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Fig. 4.9. Stress-strain curves FA-1200-01, slenderness?? = 2. 
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Fig. 4.10. Stress-strain curves FA-1200-01, slenderness?? = 4. 
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Fig. 4.11. Stress-strain curves RP-03-2E, slenderness?? = 1. 
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Fig. 4.12. Stress-strain curves RP-03-2E, slenderness?? = 2. 
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Fig. 4.13. Stress-strain curves RP-03-2E , slenderness?? = 4. 
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These ??? curves show the typical features described in Section 2.3.2, as they show a more or 
less straight initial portion of the ascending part of the curve before bending and finally 
reaching the ultimate compressive stress. For all specimens of mixture PZ-0899-01 
independent of specimen dimension and slenderness, similar ?-? curves have been obtained. 
Up to a compressive stress of about 20 % of the compressive strength (15 to 20 N/mm²) the 
initial part of the ascending branch is nearly linear. Subsequently a rather significant bending 
starts and the curve finds a flatter course at about 75 to 80 % of the compressive strength (70 
to 80 N/mm²). Mixture FA-1200-01 shows very similar characteristics of the ?-? curves with 
the onset of bending also at about 20 % and a flat course at about 75 % of the compressive 
strength, but lower compressive strengths and the corresponding strains in comparison with 
mixture PZ-0899-01. Mixture RP-03-2E shows rather different characteristics of the ?-?
curves as the initial part remains closer to linearity, even up to about 50 to 60 % of the 
compressive strength (~ 80 N/mm²). There is less curvature in comparison to the other 
mixtures, which already indicates a more brittle behaviour. Also, proportional to the higher 
compressive strengths higher strains are measured. For a more detailed discussion and 
evaluation of these ?-? curves see Section 4.4.1. 
4.3.3 Mechanical parameters from the stress strain curves 
The compressive strength fc and the corresponding strain ?c1 as well as the Young’s modulus 
Ec were derived from the determined ?-? curves as shown schematically in Fig. 2.3. The 
Young’s modulus was determined as the angular coefficient of the secant corresponding to 
1/3 of the maximum compressive strength fc. The results of these mechanical parameters are 
listed in Table 4.3 as mean of at least three tested specimens. The corresponding standard 
deviations as well as the relative standard deviations are listed in Table A.10.2 to 
Table A.10.4, Appendix. 
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Table 4.3.  Results of compression tests. 
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) ? 2) fc Ec ?c1 fc Ec ?c1 fc Ec ?c1
mm³ - N/mm² mm/m N/mm² mm/m N/mm² mm/m
10 x 10 x 10 94.0 - - 42.7 - - 146.9 - - 
20 x 20 x 20 94.6 (28 400) (5.74) 43.4 (15 200) (5.16) 150.3 (26 700) (6.27)
40 x 40 x 40 101.2 (30 400) (5.30) 44.9 (20 600) (5.17) 153.0 (28 200) (6.77)
80 x 80 x 80 80.6 40.5 120.4 
100 x 100 x 100 
1
81.2
- - 
40.9
- - 
118.5 
- - 
10 x 10 x 20 98.9 33 600 4.88 47.5 23 800 3.82 156.8 28 400 7.44 
20 x 20 x 40 95.1 30 400 5.70 39.8 22 600 4.44 153.2 28 600 6.82 
40 x 40 x 80 89.6 30 600 5.49 37.5 22 100 3.98 154.2 28 900 6.85 
80 x 80 x 160 
2
78.4 - - 34.8 - - 119.7 - - 
10 x 10 x 40 82.9 32 500 3.87 43.1 21 700 4.25 135.2 29 200 4.89 
20 x 20 x 80 89.1 31 100 4.95 38.2 22 600 3.38 127.6 28 300 5.34 
40 x 40 x 160 87.4 31 400 4.85 36.5 21 900 3.32 143.1 28 400 6.28 
80 x 80 x 320 
4
75.1 - - 37.4 - - 101.9 - - 
1) b – width, d – thickness of specimen, l – length 
2) ? – slenderness 
The investigated mixtures show different compressive strengths according to their matrix 
composition. For mixture PZ-0899-01 the compressive strengths range between fc = 75 and 
101 N/mm² depending on the specimens’ geometry. For mixture FA-1200-01 lower 
compressive strengths fc of 35 to 48 N/mm² were determined, while mixture RP-03-2E 
showed the highest compressive strengths of 102 to 157 N/mm². These values correlate with 
the w/beff of the mixtures, as e.g. mixture RP-03-2E shows the lowest w/beff = 0.27 and hence 
the highest strengths. Even though mixture PZ-0899-01 and FA-1200-01 have the same 
binder content, for mixture FA-1200-01 an extremely high amount of cement has been 
replaced by fly ash and thus this mixture with a higher w/beff = 0.65 in comparison with a 
w/beff = 0.47 of mixture PZ-0899-01 does not offer the same strength at the testing age of 28 
days due to the delayed pozzolanic reaction of the fly ash which is slow in comparison with 
the hydration processes of the cement.  
The Young’s modulus Ec was determined as 30400 to 33600 N/mm² for mixture PZ-089-01, 
and 22100 to 23800 N/mm² for mixture FA-1200-01. For mixture RP-03-2E the Young’s 
modulus ranges between 28300 and 29200 N/mm². The values for the cubic specimens with 
? = 1 (written in brackets in Table 4.3) have not been considered due to the fact that the 
Young’s modulus is usually determined by testing specimens with a higher slenderness, i.e. at 
least ? ? 2 due to influences of multi-axial stresses in the region of the load plates. 
The strains at ultimate load ?c1 were determined as 3.87 to 5.70 mm/m for mixture PZ-0899-
01, 3.32 to 4.44 mm/m for mixture FA-1200-01, and 4.89 to 7.44 mm/m for mixture RP-03-
2E.
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4 Uniaxial compression (short-term static loads)80
The relative standard deviations for the compressive strengths were below 5 % in most cases, 
which is a low value for such a heterogeneous material as concrete. A similar scatter of results 
has been found for the Young’s modulus, while the scatter of results regarding the strain at 
ultimate load was larger, but still below 12 % in most cases, as shown in Table A.10.2 to 
Table A.10.4, Appendix. 
4.3.4 Poisson’s ratio 
The Poisson’s ratio has been derived from the ratio of transverse to axial deformations, see 
Table 4.4. For the mixtures PZ-0899-01 and FA-1200-01 the Poisson’s ratio ? was 
determined as 0.20 to 0.22, which is in the range of values typically known from ordinary 
concrete. For mixture RP-03-2E slightly higher values were determined with ? = 0.24 to 0.27, 
which is similar to values which have been determined for cement pastes with ? = 0.27 for a 
w/b = 0.30 [Wes93]. This higher Poisson’s ratio for mixture RP-03-2E can be explained by 
the low amount of aggregates and the high binder content, which leads to a structure similar 
to cement pastes, where the comparatively high amount of cement gel leads to higher volume 
changes in transverse direction. The Poisson’s ratio stayed constant up to about 70 % of the 
ultimate load for all mixtures. 
Table 4.4. Poisson’s ratio ? of the fine grained concrete mixtures. 
Specimen dimension Poisson’s ratio ?
b x d x l 1) ?  PZ-0899-01 FA-1200-01 RP-03-2E 
mm³ - - - - 
80 x 80 x 160 2 0.22 0.21 0.24 
80 x 80 x 320 4 0.20 0.20 0.27 
Mean - 0.21 0.21 0.25 
1) b – width, d – thickness of specimen, l – length 
4.4 Evaluation of test results 
The aim of the presented investigations was to determine ?-? curves and mechanical 
parameters of the fine grained concrete mixtures in uniaxial short-term compression tests and 
consider possible size effects.  
For the Young’s modulus, which is determined as secant modulus within the ascending part 
of the ?-? curve no size effects are expected, and none have been observed. Also, for the ???
curves, and the corresponding strains no consistent and significant influence due to specimen 
size d and slenderness ? can be detected, as these values are within the scatter of results. In 
Section 4.4.2 the influence of slenderness on the compressive strength is considered 
separately, while in Section 4.4.3 the size effect for specimens of the same geometry but 
different size d in regard to the compressive strength is analysed applying the models of 
Bazant and Carpinteri (Section 2.5.7). 
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4.4 Evaluation of test results 81
4.4.1 Stress-strain curves and mechanical parameters 
The fine grained concrete matrices PZ-0899-01 and FA-1200-01 show compressive strengths 
comparable to ordinary concrete grades C70/85 and C30/37 according to [DIN 1045-1], while 
mixture RP-03-2E shows compressive strengths in the range of high strength concrete. The 
compressive strengths of all fine grained binder systems correspond to the w/beff (Table 3.1), 
i.e. the highest compressive strength is determined for the lowest w/beff.
As described in Section 2.3.2 the initial ascending part of the ?-? curve represents the 
Young’s modulus and is taken as a basic mechanical parameter to describe concrete on the 
macro-scale. However, this parameter is influenced on the meso-level by the strength and 
stiffness of the cement paste as well as the aggregates. Mixture PZ-0899-01 shows a steeper 
ascending part of the ?-? curves, and a higher Young’s modulus than mixture FA-1200-01. 
Both mixtures are similar in their binder content and hence in the volume content of 
aggregates, which is about double the cement paste volume. Mixture PZ-0899-01 has a higher 
content of cement and hence a lower w/beff, which leads to a denser structure of the cement 
paste (Section 3.4) with a higher stiffness and strength approaching that of the aggregates, and 
finally explains the higher compressive strength and stiffness of this mixture as a whole. Still, 
the Young’s modulus of both mixtures was low in comparison with ordinary concrete of 
comparable concrete grades, where according to [DIN 1045-1] a Young’s modulus of about 
41000 N/mm² (C70/85) and 32000 N/mm² (C30/37) can be assumed. This may be explained 
referring to the used binder contents of 700 kg/m³, which are much higher than those known 
for ordinary concrete with cement contents of about 300 kg/m³. The high volume of cement 
paste leads to higher strains and a lower Young’s modulus in comparison with ordinary 
concrete. The curvature of the stress strain curves of these mixtures is also caused by the 
heterogeneity of the material, as already explained in Section 2.3.2 on the meso-level with the 
two phase model. The differences in strength and stiffness of cement paste and aggregates 
lead to stress peaks which result in the onset of micro-cracking at the weak interfacial zone of 
these components as well as further crack development under compression. These phenomena 
cause irreversible deformations and hence diversion from a linear-elastic behaviour.  
From a comparison of high strength and ordinary concrete, a high compressive strength 
usually leads to a high Young’s modulus. This is different for fine grained concrete, where 
mixture RP-03-2E offers the highest compressive strength but a low Young’s modulus. 
Again, this low Young’s modulus again can be explained by the very high volume content of 
cement paste due to the binder content of 1400 kg/m³, which is double than for the mixtures 
PZ-0899-01 and FA-1200-01, and is even higher (five times) than the volume of the 
aggregates. The stiffness of this concrete rather approximates that of the cement paste itself, 
and hence is lower than that of the siliceous aggregates. Considering the ?-? curves mixture 
RP-03-2E shows an approximately linear-elastic behaviour and exhibits a more brittle mode 
of fracture. As described above, to a large extent the ??? behaviour will be dominated by the 
properties of the cement paste. The more homogeneous structure of mixture RP-03-2E leads 
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to a decrease in the amount and extent of micro-cracking in the interfacial transition zone 
between the cement paste and the aggregates, as the lowest w/beff results in a closer packing 
of cement grains and a reduced amount of pores and cracks. These phenomena, which lead to 
a more or less linear ??? curve, have also been observed for high strength concrete in 
comparison with ordinary concrete, e.g. [Wes93, Mec00]. 
In general, for ordinary and high strength concrete an increase in strain at ultimate load has 
been observed for increasing compressive strengths [Wes93, Mie97b]. In relation to fine 
grained concrete these findings have been observed for all types of mixture (Fig. 4.29), but 
much higher strains have been measured. Usually for ordinary and even high strength 
concrete with compressive strengths up to 120 N/mm² strains at ultimate load between 2.0 and 
3.0 mm/m are observed [Wes93, Mie97b, Han91], while in this work values of 6.0 to 
7.5 mm/m were determined. Comparatively high strains have also been observed for 
lightweight aggregates concrete (LWAC) [Wan78] and for different rocks and stone materials 
(3.0 to 4.5 mm/m) [Oku85, Waw70]. Obviously, materials with less differences in stiffness 
between aggregate and cement paste than for LWAC or more homogeneous materials (rocks, 
cement paste, or even the fine grained concrete) show higher deformation capacities. This 
may be explained by less opportunity for the development of stress peaks around the 
aggregates and subsequent micro-cracking at the transition zone which cause deformations 
within the specimen, i.e. as there are less energy consuming mechanisms, all applied load will 
directly lead to volume changes for the more homogeneous materials and hence lead to higher 
measured strains. However, a higher non-linearity may be also caused by high deformations 
under sustained loads due to creep effects (Section 5.4). 
4.4.2 Influence of the slenderness on the compressive strength  
As known from ordinary concrete a reduction in the compressive strength can be observed for 
specimens with an increasing slenderness [Avr81]. However, Fig. 4.14 to Fig. 4.16 show that 
a consistent decrease in strength due to an increasing slenderness cannot be determined in this 
study for specimens of a slenderness ? = 1 and 2, as the measured values are within the scatter 
of results. Nevertheless, a significant reduction in compressive strength is found for the 
specimens of ? = 4 (except for specimen sizes d = 10 and 80 mm of mixture FA-1200-01, 
Fig. 4.15). This confirms in practice the expected effects of friction at the load plates leading 
to multi-axial stresses within the specimen ends and thus to an increased strength for more 
compact specimens. A geometry factor k should be used if compressive strengths are obtained 
on cubic specimens instead of using prisms or cylinders of a higher slenderness. Considering 
the mean compressive strengths of specimens sizes d = 10 to 40 mm with a slenderness ? = 4 
and 1 respectively, for the following equation the factor k was determined as 0.9. The 
corresponding mean compressive strengths are listed in Table A.10.6, Appendix. 
1,4, 9.0 ?? ?? ?? cc ff  (4.1.) 
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Fig. 4.15. Influence of slenderness ? of the specimens on the compressive strength – FA-1200-01. 
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Fig. 4.16. Influence of slenderness ? of the specimens on the compressive strength – RP-03-2E. 
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Fig. 4.16. Influence of slenderness ? of the specimens on the compressive strength – RP-03-2E. 
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4.4 Evaluation of test results 85
4.4.3 Size effects 
The compressive strengths listed in Table 4.3 were analysed with respect to possible size 
effects by applying the modified size effect law for compression (SEL-C) according to Bazant 
(Eq. 2.47), and the MFSL according to Carpinteri (Eq. 2.42). The constants Bcft and D0,c for 
the SEL-C, and the constants A and B for the MFSL were determined by fitting the 
experimental data by means of the least squares method. These constants were derived 
separately for each specimen geometry (i.e. ? = 1, 2, and 4) and are given in Table 4.5 for all 
mixtures. The predicted minimum compressive strengths fc
MFSL were determined according to 
the MFSL (Eq. 2.42). The internal material length lch
MFSL, which represents the homogeneity 
of the concrete, were determined according to Eq. 2.45.  
Table 4.5. Model parameters of SEL-C, and MFSL, and results of lch
MFSL and fc
MFSL.
Mixture  SEL-C MFSL 
?  Bc ft D0,c A B lchMFSL fcMFSL
 - - - - - mm N/mm² 
1 100 154 7 304 21 956 3.0 85.5 
2 104 81 6 457 37 934 5.9 80.4 PZ-0899-01 
4 89 200 6 646 7 376 1.1 81.5 
1 44 459 1 747 1 460 0.8 41.8 
2 49 49 1 073 11 565 10.8 32.8 FA-1200-01 
4 42 178 1 244 5 683 4.6 35.3 
1 160 99 1 591 80 340 5.1 126.1 
2 169 77 17 137 91 204 5.3 130.9 RP-03-2E
4 144 90 13 505 56 786 4.2 116.2 
In Fig. 4.17 to Fig. 4.25 the curves derived with the SEL-C, the MFSL, and the mean of the 
compressive strengths according to Table 4.3 are plotted for the different data sets and 
mixtures. For a comparison between the different mixtures normalised compressive strengths 
are shown taking the compressive strength of specimen size d = 10 mm as reference in a half-
logarithmic scale (left diagrams). The effective compressive strengths are shown in a bi-
logarithmic scale (right diagrams), which is generally used to present size effect results. The 
scatter of results cannot be visualised within these chosen scales. 
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Fig. 4.17. SEL-C [Baz98] and MFSL [Car99] for slenderness ? = 1 - PZ-0899-01. 
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Fig. 4.18. SEL-C [Baz98] and MFSL [Car99] for slenderness ? = 2 - PZ-0899-01. 
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Fig. 4.19. SEL-C [Baz98] and MFSL [Car99] for slenderness ? = 4 - PZ-0899-01. 
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Fig. 4.20. SEL-C [Baz98] and MFSL [Car99] for slenderness?? = 1 - FA-1200-01. 
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Fig. 4.21. SEL-C [Baz98] and MFSL [Car99] for slenderness?? = 2 - FA-1200-01. 
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Fig. 4.22. SEL-C [Baz98] and MFSL [Car99] for slenderness?? = 4 - FA-1200-01. 
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Fig. 4.23. SEL-C [Baz98] and MFSL [Car99] for slenderness?? = 1 - RP-03-2E. 
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Fig. 4.24. SEL-C [Baz98] and MFSL [Car99] for slenderness?? = 2 - RP-03-2E. 
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Fig. 4.25. SEL-C [Baz98] and MFSL [Car99] for slenderness?? = 4 - RP-03-2E. 
Considering the bi-logarithmic plots on the right all experimental results correspond well with 
the size effect curves of the SEL-C by Bazant [Baz98] as well as the MFSL by Carpinteri 
[Car99]. For both models the results are in a range where no significant size effects can be 
determined. The plots on the left represent the scatter of the experimental values better. For 
most specimen series some experimental values are not in line with the size effect laws and do 
not show a consistent reduction in strength due to the scatter of results. For all mixtures there 
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is a high scatter of results, as some specimen sizes do not follow the trend of strength 
reduction with increasing size. Hence, it is not possible to derive any significant size effects 
on the compressive strength from these experimental data and subsequent size effect analysis. 
As already discussed in Section 2.5.6, the tested specimen sizes are in a size range where the 
curves of both size effect laws run in a similar region. 
The evaluation of the size effects according to the SEL-C by Bazant depends on the scale 
considered. Looking at the normalised strengths (diagrams on the left) a significant strength 
reduction is observed as the large specimen dimensions only reach about 80 % of the strength 
of the small-sized specimens. For all mixtures a significant strength reduction is observed for 
the specimen sizes d = 80 and 100 mm in comparison with the smallest specimens, while the 
compressive strengths of the specimens with d = 10, 20, and 40 mm do not show such a 
significant trend within the scatter of results. If considered on a larger scale (diagrams on the 
right) the experimental results are found near to the horizontal asymptote, which predicts no 
size effect for the investigated small-sized specimens and even smaller ones. For larger 
specimen sizes a further reduction in strength would be expected. The results show that fine 
grained concrete follows this size effect law. 
In the contrast, according to Carpinteri’s model the experimental data also approach the 
horizontal asymptote of the MFSL, but this means that no change in strength is predicted for 
larger specimens, while an increase in strength is predicted for smaller specimen sizes. This 
predicted increase in strength seems very theoretical as it would be nearly impossible to 
produce and test smaller specimens, and furthermore, strength reducing influences would be 
expected for such small specimens due to inevitable inaccuracies in specimen dimension and 
also due to drying and shrinkage processes of such small specimens during testing. Even 
though one material was used for the testing series, the predicted compressive strengths fc
MFSL
for large scales vary depending on the specimens geometry (?) in a range of 80.4 to 
85.5 N/mm² for mixture PZ-0899-01, 32.8 to 41.8 N/mm² for mixture FA-1200-01, and 116.2 
to 130.9 N/mm² for mixture RP-03-2E. As no stringent correlation with the specimen 
geometry (slenderness) can be derived, the variance in these values is caused by the scatter of 
the original experimental data. The predicted strengths are in the range of the compressive 
strength of the larger specimen sizes with d = 80, and 100 mm, even though some of the 
experimental results show lower strengths than the predicted fc
MFSL.
The differences in the value for the internal material length lch
MFSL, which represents the 
homogeneity of the concrete and has been determined according to Eq. 2.45, are even more 
significant. Thus this value does not allow a comparison of the fine grained concrete matrices 
and does not give any reliable information on the material properties. This very high scatter of 
lch
MFSL has already been observed in other investigations as mentioned in Section 2.5.5. 
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reduction is observed as the large specimen dimensions only reach about 80 % of the strength 
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4 Uniaxial compression (short-term static loads)90
it is the objective to investigate how far these expressions can be applied to fine grained 
concrete. The compressive strength fc is needed as input parameter for these models and has 
been taken as mean value from the results of all fine grained concrete specimens with a 
slenderness ? = 4, i.e. specimen sizes d = 10, 20, and 40 mm, as in this area one can assume to 
find the least influence of transverse strain hindrance (Table 4.6). For mixture PZ-0899-01 
with a mean compressive strength fc,?=4 of 86.5 N/mm² the corresponding ordinary concrete 
grade is C70/85 according to German Standard or C80 according to the Model Code 90, while 
it is C30/37 or C30 respectively for mixture FA-1200-01 with a mean compressive strength 
fc,?=4 of 39.3 N/mm². For mixture RP-03-2E with such a mean high compressive strength fc,?=4
as 135.3 N/mm² no appropriate concrete grade is given in these standards. 
First the ?-? curves were derived using the mathematical formulations (Eq. 2.1 and Eq. 2.2) 
and input parameters as given in the tables of the German Standard [DIN 1045-1] and Model 
Code 90 [CEB93] for the corresponding concrete grades C70/85 and C30/37, or C80 and C30 
respectively. The found input parameters are given in Table 4.6, i.e. Ecm, ?c1, ?cu for German 
Standard and furthermore Eci and Ec1 for the Model Code 90. These ?-? curves (indicated as 
“MC 90” and “DIN 1045”) did not show a good congruence with the experimentally 
determined ?-? curves of the fine grained concrete mixtures seeing that the latter are 
characterised by a lower Young’s modulus and higher strains at ultimate load. For this reason 
the input parameters taken from the tables of the German and International Standard were 
replaced by the experimentally determined Ecm, ?c1, Eci, Ec1 and further ?-? curves were 
derived, indicated as “MC 90exp” and “DIN 1045exp”. For mixture RP-03-2E experimentally 
determined values were chosen as no appropriate concrete grade is given in the 
aforementioned standards. These model parameters, i.e. the Young’s modulus (Ecm, Eci, Ec1)
and the strain at ultimate load ?c1, are also given in Table 4.6. The corresponding mean of 
these input parameters is given for each specimen size in Table A.10.5, Appendix. 
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Table 4.6. Model parameters of mathematical approximation of ?-? curves. 
Input parameters PZ-0899-01 FA-1200-01 RP-03-2E
  Fine 
grained
concrete
Ordinary concrete grade Fine 
grained
concrete
Ordinary concrete grade Fine 
grained
concrete
  Ex-
periment 
DIN 10451) Model 
Code 902)
Ex-
periment
DIN 10451) Model
Code 902)
Ex-
periment
fc,?=4
3) or 
concrete
grade
N/mm² 86.53) C70/85 C80 39.33) C30/37 C30 135.33)
Ecm
4) N/mm² 31 200 40 600 - 23 300 31 900 - 28 700 
?c,15) mm/m 4.56 2.80 2.20 3.65 2.30 2.20 5.50 
Eci
6) 33 300 - 44 000 23 900 - 34 000 30 100 
Ec1
7)
N/mm² 
19 100 - 39 300 10 800 - 17 800 24 800 
?cu8) mm/m - 3.20 2.40 - 3.50 3.70 - 
Ec
9) N/mm² 31 700 31 700 - 22 100 - - 28 600 
1) values accord. to Table 9 of [DIN 1045-1] for relevant concrete grade  
2) values accord. to Tables 2.1.6, 2.1.7 of Model Code 90 [CEB93] for relevant concrete grade 
3) fc  – compressive stress fc from experiment taken as fcm for calculations accord. to [DIN 1045-1] and [CEB93] 
4) Ecm  – secant modulus at 0.4 fc
5) ?c1  – strain at ultimate compressive stress fc
6) Eci  – tangent modulus  
7) Ec1  – secant modulus as fcm/?c1
8) ?cu  – ultimate strain  
9) Ec  – secant modulus at 0.3 fc
In Fig. 4.26 and Fig. 4.27 the ?-? curves representing ordinary concrete of a similar concrete 
strength are shown in comparison with the experimental results of the fine grained concrete 
mixtures PZ-0899-01 and FA-1200-01 and the mathematical approximations indicated as 
“MC 90exp” and “DIN 1045exp”. Using the appropriate input parameters from the experiments, 
the formulation of the German Standard as well as the Model Code 90 show a very good 
congruence with the experimental ?-? curves. For all specimen sizes a very good congruence 
was achieved, but for a better clarity of the diagrams only the experimental ?-? curves of the 
specimen size d = 20 mm are shown on a sample basis in Fig. 4.26 and Fig. 4.27. 
For mixture RP-03-2E the mathematical formulations of the German Standard and Model 
Code 90 did not apply well, even when using the experimentally determined input parameters, 
see Fig. 4.28. Hence, the mathematical formulations given in Eq. 2.3 and Eq. 2.4 by [Ahm87] 
were applied. These equations require as input parameters the compressive strength fc and 
corresponding strain ?c1 from the experiment and Ec as secant modulus of elasticity at 0.3 fc
(Table 4.6). The derived curves showed a very good congruence with the experimental ?-?
curves (Fig. 4.28). 
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2) values accord. to Tables 2.1.6, 2.1.7 of Model Code 90 [CEB93] for relevant concrete grade 
3) fc  – compressive stress fc from experiment taken as fcm for calculations accord. to [DIN 1045-1] and [CEB93] 
4) Ecm  – secant modulus at 0.4 fc
5) ?c1  – strain at ultimate compressive stress fc
6) Eci  – tangent modulus  
7) Ec1  – secant modulus as fcm/?c1
8) ?cu  – ultimate strain  
9) Ec  – secant modulus at 0.3 fc
In Fig. 4.26 and Fig. 4.27 the ?-? curves representing ordinary concrete of a similar concrete 
strength are shown in comparison with the experimental results of the fine grained concrete 
mixtures PZ-0899-01 and FA-1200-01 and the mathematical approximations indicated as 
“MC 90exp” and “DIN 1045exp”. Using the appropriate input parameters from the experiments, 
the formulation of the German Standard as well as the Model Code 90 show a very good 
congruence with the experimental ?-? curves. For all specimen sizes a very good congruence 
was achieved, but for a better clarity of the diagrams only the experimental ?-? curves of the 
specimen size d = 20 mm are shown on a sample basis in Fig. 4.26 and Fig. 4.27. 
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Fig. 4.28. Mathematical approximations of ?-? curve - RP-03-2E. 
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Fig. 4.28. Mathematical approximations of ?-? curve - RP-03-2E. 
4.4 Evaluation of test results 93
The results show that the values given in the German Standard and Model Code 90 for the 
Young’s modulus and the strains at ultimate load, which empirically have been derived for 
ordinary concrete, do not apply to the characteristics of the fine grained concrete matrices 
investigated in this thesis. These show a lower stiffness and higher strains for comparable 
compressive strengths. Taking these typical characteristics into account and using appropriate 
input parameters, which meet the measured characteristics, the mathematical approximation 
of the ?-? curves fit very well for the mixtures PZ-0899-01 and FA-1200-01. Mixture RP-03-
2E shows a much more linear ?-? behaviour, and as the differences in the curvature are 
similar to those between ordinary and high strength concrete, the formulations of the ?-?
curve for high strength concrete [Ahm87] fit very well. In Fig. 4.29 these modified 
mathematical approximations of ?-? curves, which take into account the specific mechanical 
properties, are shown for the fine grained concrete mixtures considered here. Furthermore, 
these results show, that the mathematical formulations given in either the German Standard or 
the Model Code 90 give very similar ?-? curves and hence it seems appropriate to chose one 
of them for further analysis. The values used for determining these ?-? curves are given in 
Table 4.6. 
Compressive stress ?c in N/mm²
0
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Strain ?c in mm/m
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MC 90exp
DIN 1045exp
DIN 104exp / MC 90exp
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Fig. 4.29. Comparison of the mathematical approximations of ?-? curves accord. to [DIN 1045-1] 
and Model Code 90 [CEB93] for mixtures PZ-0899-01, FA-1200-01, RP-03-2E. 
As mentioned in Section 2.3.2.1 the shape of the ?-? curves can be evaluated by the 
coefficient of fullness ?c according to Eq. 2.5. The coefficients of fullness ?c of fine grained 
concrete were derived from the ?-? curves of specimens of a slenderness ? = 4 shown in 
Fig. 4.26 to Fig. 4.28. Furthermore, they were derived from calculated ?-? curves of ordinary 
concrete of the corresponding strength grades C70/85 and C30/37. According to the results of 
Table 4.7 mixtures PZ-0899-01 and FA-1200-01 showed an only slightly higher non-linearity 
in comparison with ordinary concrete. For mixture RP-03-2E the lowest ?c of 0.54 was 
determined approaching a purely linear ?-? relation. 
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4 Uniaxial compression (short-term static loads)94
Table 4.7. Coefficient of fullness ?c according to [Byf80]. 
Mixture Compressive strength Coefficient of fullness ?c
 fc,?=4 ?c-?c curve DIN 1045 
ordinary concrete 
?c-?c curve DIN 1045 mod.
fine grained concrete 
- N/mm² - - 
PZ-0899-01 86.5 (C70/85) 0.61 0.65 
FA-1200-01 39.3 (C30/37) 0.67 0.70 
RP-03-2E 135.3 - 0.541)
1) - derived from ?-? curve according to [Ahm87] 
Dimensioning 
For dimensioning of ordinary concrete a simplified expression of the above proposed ?-?
curves (Fig. 4.29) by a parabola-rectangle diagram is allowed (Section 2.3.2.1). For fine 
grained concrete the higher compressive strains in comparison with ordinary concrete have to 
be regarded for such simplifications. In Table 4.8 appropriate input parameters are listed. The 
coefficient ? represents the static fatigue under sustained loads (as given in Section 5.3.3). 
The design compressive strength fcd is determined according to Eq. 2.8, taking yc as 1.5. The 
characteristic compressive strengths fc,?=4 (this represents fck of the Model Code 90) and 
corresponding strains at ultimate load ?c1 are taken from test results of specimens of 
dimension d = 10 to 40 mm and a slenderness ? = 4 (Table 4.6), while the ultimate 
compression strain ?cu has to be approximated. For ordinary concrete the ultimate 
compression strain under uniaxial compression was found to be about 70 % of the ultimate 
compression strain in the compression zone under flexural loading (Section 2.3.2.1). These 
findings did not yet regard the influence of sustained loading which causes even higher 
compression strains. On the other hand, for high strength concrete the differences between 
uniaxial compression strains and flexural compression strains are assumed to be smaller due 
to a less ductile fracture behaviour with increasing strengths [DIN 1045-1, CEB93]. So far, 
for fine grained concrete no such investigations have been carried out, which allow for a 
direct determination of ?cu in the flexural compression zone. Complete ?-? curves could give 
information on the compression softening, and eccentrically loaded compression tests in 
comparison with uniaxial compression tests could clarify the range of the different 
compression strains for fine grained concrete. As these data do not yet exist, as a compromise, 
for fine grained concrete ?c1 is approximated about 80 % of ?cu (instead of 70 % as assumed 
for ordinary concrete). The creep coefficient as well as the factor for strength under sustained 
loads of fine grained concrete are more similar to those of ordinary concrete than high 
strength concrete (Section 5.3). This justifies somewhat higher values of ?cu compared to high 
strength concrete. This leads to the proposed parameters listed in Table 4.8. For mixtures PZ-
0899-01 and FA-1200-01 on basis of these parameters parabola-rectangle ?-? diagrams were 
derived according to Eq. 2.6. These diagrams are shown in Fig. 4.30. For a direct comparison 
also the parabola-rectangle ?-? diagram of an ordinary concrete C80 according to the Model 
Code 90 is shown (compare Table 4.8), which has a similar strength grade as mixture PZ-
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4.5 Summary and discussion 95
0899-01. For mixture RP-03-2E a bi-linear approximation was chosen which is more 
appropriate to represent the much more linear ?-? behaviour under compression (Fig. 4.30). 
Table 4.8. Suggested parameters for parabola-rectangle stress-strain diagrams for fine grained 
concrete.
Mixture Reduction 
factor for 
sustained
loading
Compressive 
strength
(fck in [CEB93])
Design
compressive 
strength
Compression 
strain at ultimate 
load
Ultimate 
compression 
strain
?  fc,?=4 fcd1) ?c12) ?cu3)
- - N/mm² mm/m 
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ordinary concrete can be explained well by the matrix composition, in that a high binder and 
cement content imply a high amount of cement gel with a high deformation capacity and 
hence lead to the high measured deformations. Consequently, the mixtures PZ-0899-01 and 
FA-1200-01 which are similar in their binder content and matrix composition, show a similar 
curvature in the ?-? diagrams. Mixture FA-1200-01 shows a higher coefficient of fullness ?c,
which indicates a more significant non-linear shape of the ascending branch of the ?-? curves. 
The observed differences in the mechanical properties of the mixtures PZ-0899-01 and FA-
1200-01 are mainly due to the different w/beff, leading to higher strengths, with a 
corresponding higher Young`s modulus and strain for a lower w/beff for mixture PZ-0899-01. 
Mixture RP-03-2E, which in comparison with the aforementioned mixtures contains an 
extremely high binder content with a small aggregate volume, shows a much more linear ?-?
relation with the lowest coefficient of fullness ?c, as the mechanical behaviour is rather 
dominated by the characteristics of the cement paste. 
The experimental results are found in a range where the size effect curves of the applied 
models of Bazant and Carpinteri are in a similar region. Still, the predictions in strength are 
contradictory. According to Carpinteri the test results already approach the horizontal 
asymptote, which represents the nominal strength (given as fc
MFSL) of large structures, while 
in contrast according to Bazant’s size effect law a further reduction in strength is predicted for 
larger specimens or structures. As nearly all test series showed a reduction in experimentally 
determined strength for the larger specimen dimensions (d = 80 or 100 mm) in comparison 
with the smaller ones (d = 10, 20, 40 mm), Bazant’s prediction seems more likely and would 
also correspond to the idea of the statistical approach according to Weibull with a strength 
reduction for increasing specimen sizes. Which prediction will hold, can only be verified by 
testing further large scaled specimens, but this is not the objective of this work on TRC, as 
only thin-walled elements of this new composite will be used. According to Carpinteri the 
lack of size effect within the considered specimen range can be explained by the homogeneity 
of the fine grained concrete in comparison with ordinary concrete. For a more homogeneous 
material the influence of fractal geometry will be smaller and leads to a horizontal shifting of 
the size effect curve (Fig. 2.16) to the left, i.e. less significant differences in strength for the 
specimen sizes considered. According to Bazant’s theory the specimen sizes are already in a 
range where the FPZ dominates the complete volume of the specimen and the influence of the 
fracture energy becomes negligible, which leads to plasticity of the cracks and yields a 
constant nominal strength. Furthermore, it should be noted, that the tensile splitting band 
according to [Baz98] cannot develop and release any significant amount of energy from the 
surrounding undamaged concrete, if the compressed prism is rather short and the ends are not 
sliding freely, which is typical of standard compression tests. 
The fracture patterns, even of the smallest specimens, indicate an accurate testing with centric 
loading, hence strength reducing influence due to the testing procedure are assumed to be 
small. As a sealed storage during testing was not possible due to the applied measuring strain 
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gauges, inevitable drying processes and micro-crack initiation during specimen preparation 
and testing may have caused strength reductions, which cannot be quantified, but would 
presumably be more significant for the smaller specimens sizes. The inevitable boundary 
effects due to a one-sided hydration of cement grains as described in Section 2.5.1 were 
considered of minor importance. Also additional optical analysis of thin-ground section of the 
fine grained concrete specimens did not prove any measurable cement paste layers at 
boundaries, only the casting side showed a slightly higher thickness of the cement paste layer. 
The practical meaning of the test results is that compression tests on specimen sizes d = 10, 
20, and 40 mm give compressive strengths which do not experience a significant size effect. 
Hence, the recommendation for compression tests is to use specimen sizes of d = 40 mm as 
being most practicable for handling and testing (e.g. application of strain gauges, accuracy 
requirements). The specimens should not be chosen with much larger dimensions as the 
hydration processes as well as drying and shrinkage might be different from those in thin 
structures. Furthermore, specimens with a high slenderness should be preferred. According to 
the presented experimental results ? = 4 is recommended, as for specimens with a smaller 
slenderness, i.e. ? = 1 and 2, smaller compressive strengths were determined. According to 
the discussed results, for the dimensioning of thin-structured TRC elements no factors 
regarding scale effects are needed, but a geometry factor k of 0.9 was introduced if 
compressive strengths are obtained on cubic specimens (? = 1) instead of using prisms or 
cylinders of a higher slenderness (? = 4). 
For dimensioning ordinary steel reinforced concrete structures mathematical formulations and 
reduction or safety factors are usually based on empirical results. Also, the tables according to 
the German Standard [DIN 1045-1] and Model Code 90 [CEB93] are of empirical origin. 
They provide values like the Young’s modulus and strain at ultimate load for appropriate 
ordinary concrete grades, and consequently allow the mathematical derivation of ?-? curves 
and simplified (parabola-rectangle) stress-strain diagrams for dimensioning. 
Within the framework of this work only a limited number of experiments has been carried out 
and the results presented in this work are only valid for the mixtures and testing methods 
described here. Therefore it is not yet possible to derive such mathematical formulations or 
provide mechanical parameters based on the compressive strength only. However, if the 
different deformation behaviour of fine grained concrete is taken into account by 
implementing the experimentally determined Young’s modulus Ec and corresponding strain at 
ultimate load ?c1 as well as other suggested parameters (Table 4.6, Table 4.8) in the formulas, 
the material law for compression, expressed as ?-? relation or simplified parabola-rectangle 
diagram, can be formulated mathematically. Also, a design compressive strength fcd of fine 
grained concrete is suggested as fck/?c with a ?c of 1.5. Thus, constitutive material laws for 
compression are provided which allow for dimensioning and numerical modelling of TRC 
structural elements. 
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compression are provided which allow for dimensioning and numerical modelling of TRC 
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CHAPTER 5
UNIAXIAL COMPRESSION (LONG-TERM STATIC LOADS)
5.1 Introduction
In this section the creep behaviour and corresponding characteristic creep parameters as well 
as the static fatigue of fine grained concrete are determined. Furthermore, the applicability of 
the Model Code 90 [CEB93] was investigated, as in structural analysis the total load-
dependent strains are of importance and may be approximated e.g. by the creep function given 
by this International Standard.  
5.2 Experimental methods 
The experimental investigations were carried out for mixtures PZ-0899-01, FA-1200-01, and 
RP-03-2E using cylindrical specimens of a diameter dcyl = 50 mm and height h = 200 mm. 
The specimen preparation was carried out according to Section 3.2 and a sealed storage 
(20 °C) was used until load application at a concrete age of 28 days. Afterwards constant 
climatic conditions of 20 °C and 65 % RH were chosen.  
5.2.1 Creep and sustained loads 
The applied stress levels for creep were chosen between 0.33 and 0.65 fc, whereas the tests to 
determine the static fatigue were carried out at three different stress levels for each mixture, 
i.e. between 0.78 and 0.97 fc (Table 5.1). The odd numbers in Table 5.1 are explained by 
additional compressive tests subsequently carried out and leading to a more precise mean 
compressive strength, which was used for further analysis. 
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Table 5.1. Testing programme and stress levels k of investigations on creep and strength under 
sustained loads. 
Mixture Stress level k fc
 Creep Sustained load  
 0.40 fc 0.60 fc < 0.80 fc < 0.85 fc < 0.90 fc < 0.95 fc < 1.00 fc
Shrinkage for 
creep
compensation
PZ-0899-01 0.43 0.65 0.78 0.83 0.88 0.93 - x x 
FA-1200-01 0.42 0.63 - 0.82 0.87 0.92 - x x 
RP-03-2E 0.33 0.49 - - 0.87 0.92 0.97 x x 
In the case of creep, mechanical gauges with a measuring length of 50 mm and an accuracy of 
about 1 µm were applied on the specimens (Fig. 5.1 a). The tests were carried out under 
constant static load with hydraulic test benches. The creep investigations are long-term tests 
which are normally conducted over a period of up to 360 days. However, within this study the 
final deformations were measured at concrete ages between 200 and 249 days. 
The investigations to derive the static fatigue were carried out using a universal testing 
machine (FORM + TEST, 300 kN load cell). Linear variable differential transducers (LVDT) 
with a measuring length of 50 mm and an accuracy of about 1 to 2 µm were used for the 
continuous measurement of the deformations during testing (Fig. 5.1 b). The testing duration 
of these experiments varied strongly as some specimens failed after reaching their ultimate 
strength, while other tests were finished after one to four days if no failure had occurred. 
Centric loading, accuracy and plane parallelism of the specimens as well as load plates was 
essential for all tests (compare Section 4.2). 
a)           b) 
Fig. 5.1. a) Creep specimen with mechanical gauges. 
b) Specimen under sustained load with LVDT. 
5.2.2 Compression test 
The compression tests were carried out with a universal testing machine (FORM + TEST, 
300 kN load cell) and load controlled at a rate of 1.0 to 2.5 kN/sec depending on the concrete 
mixture. Based on the ultimate compressive loads of these tests the required loads, according 
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to stress levels k of Table 5.1, which had to be applied during the creep investigations were 
determined. 
5.2.3 Shrinkage
The deformations due to drying shrinkage were measured on separately produced specimens 
with mechanical gauges at the same testing dates as used for the creep investigations. 
Subsequently, the shrinkage strains ?cs were derived. 
5.3 Test results 
5.3.1 Compression test 
The compressive strengths fc of the cylindrical specimens at a testing age of 28 days were 
determined as 75.3 N/mm² for mixture PZ-0899-01, 34.2 N/mm² for mixture FA-1200-01, 
and 125.5 N/mm² for mixture RP-03-2E. All test series showed a low scatter of results with 
relative standard deviations below 6 %. 
5.3.2 Creep and shrinkage 
The results of the creep investigations are shown in Fig. 5.2 to Fig. 5.4 separately for each 
mixture at two different stress levels. The mean of the measured overall deformations ?c is 
shown as well as the time dependent shrinkage strains ?cs. Furthermore, the elastic strains ?ci
are shown as constant line in the figure. These were calculated from the experimentally 
determined Young’s moduli (Table 4.6) for each considered stress level and mixture under 
investigation. Finally, the basic creep strains ?cc are shown which were determined using 
Eq. 2.12. All single strains presented can be found in numbers in [Hin04]. 
Mixtures PZ-0899-01 and FA-1200-01 showed strong initial creep strains which slowed down 
and finally approached a constant creep rate at a testing age of about 60 to 80 days. Mixture 
RP-03-2E showed a lower creep rate at the beginning with a steadily rising increase of the 
creep rate. A constant creep rate has not yet been approached for this mixture. 
The elastic strains ?ci, shrinkage strains ?cs, and basic creep strains ?cc determined at the last 
testing dates considered, i.e. after a testing duration between 200 to 249 days, are given for 
both stress levels in Table A.10.7, Appendix. A direct comparison between these parameters 
was not possible, because the mixtures were tested at different stress levels k. For this reason 
these values are not discussed in more detail at this point, but within Section 5.4.2. 
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Fig. 5.2. Creep strains at stress levels 0.43 and 0.65 fc – PZ-0899-01. 
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Fig. 5.3. Creep strains at stress levels 0.42 and 0.63 fc – FA-1200-01. 
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Fig. 5.4. Creep strains at stress levels 0.33 and 0.49 fc – RP-03-2E. 
5.3.3 Sustained loads 
Fig. 5.5 to Fig. 5.7 show the measured time dependent overall strains ?c for mixtures PZ-
0899-01, FA-1200-01, and RP-03-2E on the basis of sample values at selected stress levels of 
0.83, 0.87, and 0.92 fc respectively. The presented overall strains ?c were reduced by the 
shrinkage strains ?cs for tests which continued for more than one day. However, the shrinkage 
strains ?cs were not taken into account if the specimens had already failed within one day, 
because these initial shrinkage deformations were considered negligible in comparison with 
the final shrinkage strains. 
5 Uniaxial compression (long-term static loads)102
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
PZ-0899-01 (0.43 fc)
?cc
??ci 
?c
?cs
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
PZ-0899-01 (0.65 fc)
?cc
?ci  
?c
?cs
Fig. 5.2. Creep strains at stress levels 0.43 and 0.65 fc – PZ-0899-01. 
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
FA-1200-01 (0.42 fc)
?cc
??ci 
?c
?cs
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
FA-1200-01 (0.63 fc)
?cc
??ci
?c
?cs
Fig. 5.3. Creep strains at stress levels 0.42 and 0.63 fc – FA-1200-01. 
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
RP-03-2E (0.33 fc)
?cc
??ci 
?c
?cs
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
RP-03-2E (0.49 fc) ?cc
??ci
?c
?cs
Fig. 5.4. Creep strains at stress levels 0.33 and 0.49 fc – RP-03-2E. 
5.3.3 Sustained loads 
Fig. 5.5 to Fig. 5.7 show the measured time dependent overall strains ?c for mixtures PZ-
0899-01, FA-1200-01, and RP-03-2E on the basis of sample values at selected stress levels of 
0.83, 0.87, and 0.92 fc respectively. The presented overall strains ?c were reduced by the 
shrinkage strains ?cs for tests which continued for more than one day. However, the shrinkage 
strains ?cs were not taken into account if the specimens had already failed within one day, 
because these initial shrinkage deformations were considered negligible in comparison with 
the final shrinkage strains. 
5 Uniaxial compression (long-term static loads)102
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
PZ-0899-01 (0.43 fc)
?cc
??ci 
?c
?cs
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
PZ-0899-01 (0.65 fc)
?cc
?ci  
?c
?cs
Fig. 5.2. Creep strains at stress levels 0.43 and 0.65 fc – PZ-0899-01. 
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
FA-1200-01 (0.42 fc)
?cc
??ci 
?c
?cs
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
FA-1200-01 (0.63 fc)
?cc
??ci
?c
?cs
Fig. 5.3. Creep strains at stress levels 0.42 and 0.63 fc – FA-1200-01. 
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
RP-03-2E (0.33 fc)
?cc
??ci 
?c
?cs
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
RP-03-2E (0.49 fc) ?cc
??ci
?c
?cs
Fig. 5.4. Creep strains at stress levels 0.33 and 0.49 fc – RP-03-2E. 
5.3.3 Sustained loads 
Fig. 5.5 to Fig. 5.7 show the measured time dependent overall strains ?c for mixtures PZ-
0899-01, FA-1200-01, and RP-03-2E on the basis of sample values at selected stress levels of 
0.83, 0.87, and 0.92 fc respectively. The presented overall strains ?c were reduced by the 
shrinkage strains ?cs for tests which continued for more than one day. However, the shrinkage 
strains ?cs were not taken into account if the specimens had already failed within one day, 
because these initial shrinkage deformations were considered negligible in comparison with 
the final shrinkage strains. 
5 Uniaxial compression (long-term static loads)102
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
PZ-0899-01 (0.43 fc)
?cc
??ci 
?c
?cs
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
PZ-0899-01 (0.65 fc)
?cc
?ci  
?c
?cs
Fig. 5.2. Creep strains at stress levels 0.43 and 0.65 fc – PZ-0899-01. 
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
FA-1200-01 (0.42 fc)
?cc
??ci 
?c
?cs
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
FA-1200-01 (0.63 fc)
?cc
??ci
?c
?cs
Fig. 5.3. Creep strains at stress levels 0.42 and 0.63 fc – FA-1200-01. 
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
RP-03-2E (0.33 fc)
?cc
??ci 
?c
?cs
Strains in mm/m
0
2
4
6
0 60 120 180 240 300
Testing duration in days
RP-03-2E (0.49 fc) ?cc
??ci
?c
?cs
Fig. 5.4. Creep strains at stress levels 0.33 and 0.49 fc – RP-03-2E. 
5.3.3 Sustained loads 
Fig. 5.5 to Fig. 5.7 show the measured time dependent overall strains ?c for mixtures PZ-
0899-01, FA-1200-01, and RP-03-2E on the basis of sample values at selected stress levels of 
0.83, 0.87, and 0.92 fc respectively. The presented overall strains ?c were reduced by the 
shrinkage strains ?cs for tests which continued for more than one day. However, the shrinkage 
strains ?cs were not taken into account if the specimens had already failed within one day, 
because these initial shrinkage deformations were considered negligible in comparison with 
the final shrinkage strains. 
5.3 Test results 103
Strain ?c in mm/m
failure
0
1
2
3
4
5
6
0 5000 10000 15000 20000
Time in seconds
Interruption after 16 h
Interruption after 18 h
(stress level 0.78 fc)
PZ-0899-01 (0.83 fc)
(1.4 h) (2.8 h) (4.2 h) (5.6 h)
Fig. 5.5. Measured strains under sustained loads at stress level 0.83 fc – PZ-0899-01. 
Strain ?c in mm/m
failure
0
1
2
3
4
5
6
0 2000 4000 6000
Time in seconds
(2.8 h) (4.2 h) (5.6 h)
FA-1200-01 (0.87 fc)
Interruption after 6 h
Interruption after 3 days
Fig. 5.6. Measured strains under sustained loads at stress level 0.87 fc – FA-1200-01. 
Strain ?c in mm/m
failure
0
2
4
6
8
10
12
0 20000 40000 60000 80000 100000
Time in seconds
(5.6 h) (16.7 h) (22.2 h) (27.8 h)(11.1 h)
RP-03-2E (0.92 fc) Interruption after 1 day
Interruption after 2 days
Interruption after 15 h
Fig. 5.7. Measured strains under sustained loads at stress level 0.92 fc – RP-03-2E. 
5.3 Test results 103
Strain ?c in mm/m
failure
0
1
2
3
4
5
6
0 5000 10000 15000 20000
Time in seconds
Interruption after 16 h
Interruption after 18 h
(stress level 0.78 fc)
PZ-0899-01 (0.83 fc)
(1.4 h) (2.8 h) (4.2 h) (5.6 h)
Fig. 5.5. Measured strains under sustained loads at stress level 0.83 fc – PZ-0899-01. 
Strain ?c in mm/m
failure
0
1
2
3
4
5
6
0 2000 4000 6000
Time in seconds
(2.8 h) (4.2 h) (5.6 h)
FA-1200-01 (0.87 fc)
Interruption after 6 h
Interruption after 3 days
Fig. 5.6. Measured strains under sustained loads at stress level 0.87 fc – FA-1200-01. 
Strain ?c in mm/m
failure
0
2
4
6
8
10
12
0 20000 40000 60000 80000 100000
Time in seconds
(5.6 h) (16.7 h) (22.2 h) (27.8 h)(11.1 h)
RP-03-2E (0.92 fc) Interruption after 1 day
Interruption after 2 days
Interruption after 15 h
Fig. 5.7. Measured strains under sustained loads at stress level 0.92 fc – RP-03-2E. 
5.3 Test results 103
Strain ?c in mm/m
failure
0
1
2
3
4
5
6
0 5000 10000 15000 20000
Time in seconds
Interruption after 16 h
Interruption after 18 h
(stress level 0.78 fc)
PZ-0899-01 (0.83 fc)
(1.4 h) (2.8 h) (4.2 h) (5.6 h)
Fig. 5.5. Measured strains under sustained loads at stress level 0.83 fc – PZ-0899-01. 
Strain ?c in mm/m
failure
0
1
2
3
4
5
6
0 2000 4000 6000
Time in seconds
(2.8 h) (4.2 h) (5.6 h)
FA-1200-01 (0.87 fc)
Interruption after 6 h
Interruption after 3 days
Fig. 5.6. Measured strains under sustained loads at stress level 0.87 fc – FA-1200-01. 
Strain ?c in mm/m
failure
0
2
4
6
8
10
12
0 20000 40000 60000 80000 100000
Time in seconds
(5.6 h) (16.7 h) (22.2 h) (27.8 h)(11.1 h)
RP-03-2E (0.92 fc) Interruption after 1 day
Interruption after 2 days
Interruption after 15 h
Fig. 5.7. Measured strains under sustained loads at stress level 0.92 fc – RP-03-2E. 
5.3 Test results 103
Strain ?c in mm/m
failure
0
1
2
3
4
5
6
0 5000 10000 15000 20000
Time in seconds
Interruption after 16 h
Interruption after 18 h
(stress level 0.78 fc)
PZ-0899-01 (0.83 fc)
(1.4 h) (2.8 h) (4.2 h) (5.6 h)
Fig. 5.5. Measured strains under sustained loads at stress level 0.83 fc – PZ-0899-01. 
Strain ?c in mm/m
failure
0
1
2
3
4
5
6
0 2000 4000 6000
Time in seconds
(2.8 h) (4.2 h) (5.6 h)
FA-1200-01 (0.87 fc)
Interruption after 6 h
Interruption after 3 days
Fig. 5.6. Measured strains under sustained loads at stress level 0.87 fc – FA-1200-01. 
Strain ?c in mm/m
failure
0
2
4
6
8
10
12
0 20000 40000 60000 80000 100000
Time in seconds
(5.6 h) (16.7 h) (22.2 h) (27.8 h)(11.1 h)
RP-03-2E (0.92 fc) Interruption after 1 day
Interruption after 2 days
Interruption after 15 h
Fig. 5.7. Measured strains under sustained loads at stress level 0.92 fc – RP-03-2E. 
5 Uniaxial compression (long-term static loads)104
Fig. 5.5 and Fig. 5.6 clearly show the development of tertiary creep before failure for mixtures 
PZ-0899-01 and FA-1200-01 (compare Fig. 2.6). This was not observed for mixture RP-03-
2E which showed a sudden failure without the development of tertiary creep. This may be 
explained by the less ductile fracture behaviour and reduced capacity of micro-crack 
development as explained in Section 2.3.3.2.  
At the stress levels shown in Fig. 5.5 to Fig. 5.7, i.e. 0.83, 0.87, and 0.92 fc for mixtures PZ-
0899-01, FA-1200-01, and RP-03-2E respectively, both specimens that failed and specimens 
that endured the same loads throughout testing were observed, until the experiment was 
interrupted not due to failure but for organisational reasons. This indicates that at these stress 
levels the static fatigue of the mixtures is to be expected. This statement is confirmed by the 
fact that for each mixture at the higher stress levels (Table 5.1) all specimens failed, while at 
the lower stress levels none of the specimens failed. As the tests which did not show a failure 
of the specimens had to be finished after one, two or three days, it has to be considered 
possible that a failure of these specimens might still have occurred at a later point in time. In 
that case, the corresponding stress levels may not be assumed as those stress levels where the 
static fatigue is to be expected. Hence, the possibility of a failure of these specimens at a later 
point in time was evaluated by investigating the phenomenon of solidification of the concrete 
structure. This is characterised by an increase in compressive strength, as discussed in 
Section 2.3.3.2. In the case of a solidification a failure is not expected at a later point in time. 
Hence, the compressive strength of those specimens which had not failed within the testing 
duration was determined. For all mixtures an increase of the compressive strength was 
obtained, i.e. an increase of 10 % for mixture PZ-0899-01, 20 % for mixture FA-1200-01, and 
8 % for mixture RP-03-2E.  
Furthermore, Fig. 5.8 to Fig. 5.10 show the stress levels of static fatigue with a different 
approach. In these figures the (creep) strains are plotted for all investigated stress levels at the 
considered testing duration. For the creep strains of the stress levels between 0.33 and 0.65 fc
a testing duration of about 250 days was considered. For the compression tests under 
sustained loads, i.e. stress levels > 0.80 fc, the (creep) strains were either derived at failure or 
after finishing the test. The failure limit shown in these figures (as approximated full line) 
represents the ultimate strains at failure for the stress levels at high loads (> 0.80 fc). The 
creep limit (shown as approximated dashed line) defines the ultimate measured creep strains 
at the last considered testing ages at low load levels. Note that the shown creep limit was 
approximated on basis of the measured strains at testing age of about 250 days. It will shift to 
higher strains with increasing testing ages, as no approximation of a final value but a further 
increase in creep deformations was measured. Finally, the static fatigue is defined to be found 
at that stress level, which is approached by both the failure and creep limit. This was 0.80, 
0.86, and 0.90 fc for mixtures PZ-0899-01, FA-1200-01, and RP-03-2E respectively. These 
results correspond to the above mentioned stress levels (Fig. 5.5 to Fig. 5.7). 
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5 Uniaxial compression (long-term static loads)106
5.4 Evaluation of test results 
5.4.1 Linearity of creep 
In order to evaluate if linear creep may be assumed for fine grained concrete at the 
investigated stress levels between 0.49 and 0.65 fc the increase factors ? were determined 
according to Eq. 2.11. These increase factors account for the non-linear increase of creep 
strains at high stress levels in comparison to low stress levels where creep strains increase 
linearly with the applied loads. The calculated increase factors are plotted versus the testing 
duration in Fig. 5.11. For all mixtures a final value ? of about 1.1 was approached, which 
approximates 1.0 for ideal linear creep. Hence, it was considered appropriate to assume linear 
creep for the considered stress levels.  
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Fig. 5.11. Increase factors of fine grained concrete versus testing duration. 
5.4.2 Comparison of creep strains of mixtures 
As linear creep was shown up to stress levels of 0.65 fc, the experimentally determined basic 
creep strains (Fig. 5.2 to Fig. 5.4) could be related to the lowest stress level of 0.33 fc by linear 
interpolation. This allows for a direct comparison between the basic creep strains ?cc of the 
different mixtures as shown in Fig. 5.12. 
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5.4 Evaluation of test results 
5.4.1 Linearity of creep 
In order to evaluate if linear creep may be assumed for fine grained concrete at the 
investigated stress levels between 0.49 and 0.65 fc the increase factors ? were determined 
according to Eq. 2.11. These increase factors account for the non-linear increase of creep 
strains at high stress levels in comparison to low stress levels where creep strains increase 
linearly with the applied loads. The calculated increase factors are plotted versus the testing 
duration in Fig. 5.11. For all mixtures a final value ? of about 1.1 was approached, which 
approximates 1.0 for ideal linear creep. Hence, it was considered appropriate to assume linear 
creep for the considered stress levels.  
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At the end of the considered testing duration the highest creep strains were calculated by 
linear interpolation for a stress level of 0.33 fc for mixture RP-203-2E with a basic creep 
strain ?cc of 1.85 mm/m. For mixtures FA-1200-01 and PZ-0899-01 basic creep strains ?cc of 
1.59 mm/m and 1.08 mm/m respectively were calculated.  
As creep is directly related to processes within the cement paste, these high creep strains can 
be explained by reference to the very high binder content (1400 kg/m³) which is two times the 
content of the other mixtures (700 kg/m³). Mixture RP-03-2E also showed an increase in 
creep rate over a much longer period in comparison to the other mixtures. However, as 
mentioned, a constant creep rate could not yet be derived from the experimental results. For 
this mixture a further evaluation of long-term data is required. 
Mixture FA-1200-01, which in comparison to mixture PZ-0899-01 differs only in matrix 
composition by a high amount of fly ash, showed a more significant initial creep rate up to 
about 30 to 50 days of testing duration. Afterwards, nearly the same creep rate was observed, 
but higher overall basic creep strains ?cc. In contrast to these results of mixture FA-1200-01, 
for ordinary concrete reduced creep strains were observed if cement is replaced by fly ash, 
e.g. [Lut03] and [Nev83]. These reduced creep strains were explained by the high potential of 
further strength development due to the pozzolanic reaction of fly ash and hence still 
increasing resistance to creep strains after load application. 
In the present case, the addition of fly ash did not lead to reduced creep strains, but caused 
high initial as well as basic creep strains of mixture FA-1200-01 (Fig. 5.12). Hence, it may be 
possible that the basic creep strains were superposed by a significant drying creep ?f,dr, which 
however cannot clearly be distinguished from the basic creep strains ?cc within the framework 
of this study. Still, the drying creep ?f,dr can be evaluated by considering the shrinkage strains 
?cs. An affinity of these strains was found by [Broo82] and [Nev83] who assume that the 
shrinkage strains ?cs correspond to the fraction of drying creep strain ?f,dr of the basic creep 
strains ?cc. Hence, the measured shrinkage strains ?cs are plotted together with the basic creep 
strains ?cc in Fig. 5.13 for mixture FA-1200-01. Qualitatively, both types of strain 
5.4 Evaluation of test results 107
Basic creep strain ?cc in mm/m
0.0
0.5
1.0
1.5
2.0
2.5
0 50 100 150 200 250
Testing duration in days
RP-03-2E
FA-1200-01
PZ-0899-01
Fig. 5.12. Comparison of basic creep strains ?cc interpolated for 0.33 fc.
At the end of the considered testing duration the highest creep strains were calculated by 
linear interpolation for a stress level of 0.33 fc for mixture RP-203-2E with a basic creep 
strain ?cc of 1.85 mm/m. For mixtures FA-1200-01 and PZ-0899-01 basic creep strains ?cc of 
1.59 mm/m and 1.08 mm/m respectively were calculated.  
As creep is directly related to processes within the cement paste, these high creep strains can 
be explained by reference to the very high binder content (1400 kg/m³) which is two times the 
content of the other mixtures (700 kg/m³). Mixture RP-03-2E also showed an increase in 
creep rate over a much longer period in comparison to the other mixtures. However, as 
mentioned, a constant creep rate could not yet be derived from the experimental results. For 
this mixture a further evaluation of long-term data is required. 
Mixture FA-1200-01, which in comparison to mixture PZ-0899-01 differs only in matrix 
composition by a high amount of fly ash, showed a more significant initial creep rate up to 
about 30 to 50 days of testing duration. Afterwards, nearly the same creep rate was observed, 
but higher overall basic creep strains ?cc. In contrast to these results of mixture FA-1200-01, 
for ordinary concrete reduced creep strains were observed if cement is replaced by fly ash, 
e.g. [Lut03] and [Nev83]. These reduced creep strains were explained by the high potential of 
further strength development due to the pozzolanic reaction of fly ash and hence still 
increasing resistance to creep strains after load application. 
In the present case, the addition of fly ash did not lead to reduced creep strains, but caused 
high initial as well as basic creep strains of mixture FA-1200-01 (Fig. 5.12). Hence, it may be 
possible that the basic creep strains were superposed by a significant drying creep ?f,dr, which 
however cannot clearly be distinguished from the basic creep strains ?cc within the framework 
of this study. Still, the drying creep ?f,dr can be evaluated by considering the shrinkage strains 
?cs. An affinity of these strains was found by [Broo82] and [Nev83] who assume that the 
shrinkage strains ?cs correspond to the fraction of drying creep strain ?f,dr of the basic creep 
strains ?cc. Hence, the measured shrinkage strains ?cs are plotted together with the basic creep 
strains ?cc in Fig. 5.13 for mixture FA-1200-01. Qualitatively, both types of strain 
5.4 Evaluation of test results 107
Basic creep strain ?cc in mm/m
0.0
0.5
1.0
1.5
2.0
2.5
0 50 100 150 200 250
Testing duration in days
RP-03-2E
FA-1200-01
PZ-0899-01
Fig. 5.12. Comparison of basic creep strains ?cc interpolated for 0.33 fc.
At the end of the considered testing duration the highest creep strains were calculated by 
linear interpolation for a stress level of 0.33 fc for mixture RP-203-2E with a basic creep 
strain ?cc of 1.85 mm/m. For mixtures FA-1200-01 and PZ-0899-01 basic creep strains ?cc of 
1.59 mm/m and 1.08 mm/m respectively were calculated.  
As creep is directly related to processes within the cement paste, these high creep strains can 
be explained by reference to the very high binder content (1400 kg/m³) which is two times the 
content of the other mixtures (700 kg/m³). Mixture RP-03-2E also showed an increase in 
creep rate over a much longer period in comparison to the other mixtures. However, as 
mentioned, a constant creep rate could not yet be derived from the experimental results. For 
this mixture a further evaluation of long-term data is required. 
Mixture FA-1200-01, which in comparison to mixture PZ-0899-01 differs only in matrix 
composition by a high amount of fly ash, showed a more significant initial creep rate up to 
about 30 to 50 days of testing duration. Afterwards, nearly the same creep rate was observed, 
but higher overall basic creep strains ?cc. In contrast to these results of mixture FA-1200-01, 
for ordinary concrete reduced creep strains were observed if cement is replaced by fly ash, 
e.g. [Lut03] and [Nev83]. These reduced creep strains were explained by the high potential of 
further strength development due to the pozzolanic reaction of fly ash and hence still 
increasing resistance to creep strains after load application. 
In the present case, the addition of fly ash did not lead to reduced creep strains, but caused 
high initial as well as basic creep strains of mixture FA-1200-01 (Fig. 5.12). Hence, it may be 
possible that the basic creep strains were superposed by a significant drying creep ?f,dr, which 
however cannot clearly be distinguished from the basic creep strains ?cc within the framework 
of this study. Still, the drying creep ?f,dr can be evaluated by considering the shrinkage strains 
?cs. An affinity of these strains was found by [Broo82] and [Nev83] who assume that the 
shrinkage strains ?cs correspond to the fraction of drying creep strain ?f,dr of the basic creep 
strains ?cc. Hence, the measured shrinkage strains ?cs are plotted together with the basic creep 
strains ?cc in Fig. 5.13 for mixture FA-1200-01. Qualitatively, both types of strain 
5.4 Evaluation of test results 107
Basic creep strain ?cc in mm/m
0.0
0.5
1.0
1.5
2.0
2.5
0 50 100 150 200 250
Testing duration in days
RP-03-2E
FA-1200-01
PZ-0899-01
Fig. 5.12. Comparison of basic creep strains ?cc interpolated for 0.33 fc.
At the end of the considered testing duration the highest creep strains were calculated by 
linear interpolation for a stress level of 0.33 fc for mixture RP-203-2E with a basic creep 
strain ?cc of 1.85 mm/m. For mixtures FA-1200-01 and PZ-0899-01 basic creep strains ?cc of 
1.59 mm/m and 1.08 mm/m respectively were calculated.  
As creep is directly related to processes within the cement paste, these high creep strains can 
be explained by reference to the very high binder content (1400 kg/m³) which is two times the 
content of the other mixtures (700 kg/m³). Mixture RP-03-2E also showed an increase in 
creep rate over a much longer period in comparison to the other mixtures. However, as 
mentioned, a constant creep rate could not yet be derived from the experimental results. For 
this mixture a further evaluation of long-term data is required. 
Mixture FA-1200-01, which in comparison to mixture PZ-0899-01 differs only in matrix 
composition by a high amount of fly ash, showed a more significant initial creep rate up to 
about 30 to 50 days of testing duration. Afterwards, nearly the same creep rate was observed, 
but higher overall basic creep strains ?cc. In contrast to these results of mixture FA-1200-01, 
for ordinary concrete reduced creep strains were observed if cement is replaced by fly ash, 
e.g. [Lut03] and [Nev83]. These reduced creep strains were explained by the high potential of 
further strength development due to the pozzolanic reaction of fly ash and hence still 
increasing resistance to creep strains after load application. 
In the present case, the addition of fly ash did not lead to reduced creep strains, but caused 
high initial as well as basic creep strains of mixture FA-1200-01 (Fig. 5.12). Hence, it may be 
possible that the basic creep strains were superposed by a significant drying creep ?f,dr, which 
however cannot clearly be distinguished from the basic creep strains ?cc within the framework 
of this study. Still, the drying creep ?f,dr can be evaluated by considering the shrinkage strains 
?cs. An affinity of these strains was found by [Broo82] and [Nev83] who assume that the 
shrinkage strains ?cs correspond to the fraction of drying creep strain ?f,dr of the basic creep 
strains ?cc. Hence, the measured shrinkage strains ?cs are plotted together with the basic creep 
strains ?cc in Fig. 5.13 for mixture FA-1200-01. Qualitatively, both types of strain 
5 Uniaxial compression (long-term static loads)108
qualitatively show the same strain gradients over time. Thus, if a direct affinity of the drying 
creep strain ?f,dr and shrinkage strain ?cs is assumed, high initial shrinkage strains ?cs may 
cause high initial basic creep strains ?cc and a dominating influence of the drying creep strain 
?f,dr on the overall basic creep strains ?cc may be derived.  
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Fig. 5.13. Basic creep strains ?cc and shrinkage strains ?cs – FA-1200-01. 
Another explanation of the significant initial creep strains of mixture FA-1200-01 may be 
given by consideration of the time dependent strength development. Due to the pozzolanic 
reactions mixture FA-1200-01 does not offer the same strength as mixture PZ-0899-01 at the 
age of load application, and hence represents the strength characteristics of mixture PZ-0899-
01 at a younger concrete age. As mentioned in Section 2.3.3.1 for concrete loaded at an early 
age the rate of creep during the first weeks under load is much higher than for older concrete 
[Dav34].
The influence of drying creep strains ?f,dr can only be clarified through additional tests with a 
sealed storage of the specimens during testing. Subsequently comparing the strains measured 
with and without the influence of drying processes would allow to determine the magnitude of 
the drying creep strains. Furthermore, within the framework of this study it could not be 
investigated in full detail whether the creep behaviour is influenced by additional effects like 
e.g. differences in pore structure, cement content, w/beff, and potential of gain in strength over 
time. 
5.4.3 Final characteristic creep values 
For the prediction of basic creep strains ?cc at higher concrete ages (i) the time dependent 
function of the Branson hyperbola [Bran77] and (ii) the prediction model of the Model 
Code 90 [CEB93] were applied.  
The function of the Branson hyperbola is defined by the free parameters A, B, and C which 
were determined by non-linear regression analysis with weighting of the last measured 
experimental data. The parameters derived from this are listed in Table 5.2. 
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Table 5.2. Model parameters A, B, C of the Branson hyperbola [Bran77]. 
Mixture Stress level Model parameters of Branson hyperbola 
 k A B C 
0.43 1.71 3.66 0.51 
PZ-0899-01 
0.65 2.89 4.04 0.50 
0.42 2.10 5.41 0.71 
FA-1200-01 
0.63 3.51 3.40 0.60 
0.33 4.55 18.24 0.46 
RP-03-2E
0.49 4.88 11.33 0.50 
Using these parameters the basic creep strains ?cc were calculated using Eq. 2.15 for the 
considered testing ages as plotted in Fig. 5.14 to Fig. 5.16 together with the experimental 
results.
Furthermore, the basic creep strains ?cc calculated according to the prediction model 
(Eq. 2.16) of the Model Code 90 [CEB93] are shown. This model theoretically allows for the 
derivation of the creep strains and required input parameters like e.g. the Young’s modulus Ec
on basis of the compressive strength only. However, as the given formulas are based on 
empirical studies of ordinary concrete the Young’s moduli calculated in this manner did not 
correspond to the low stiffness of the fine grained concrete. Hence, the experimentally 
determined Young’s moduli of these mixtures (Table 4.6) had to be used as input parameters 
of the creep function.
Within this study the creep function was applied at stress levels up to 0.65 fc as linear creep 
was proved by consideration of the increase factors ? (Section 5.4.1), while for ordinary 
concrete this creep function is restricted to stress levels up to 0.40 fc according to the Model 
Code 90 [CEB93]. 
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Fig. 5.14. Calculated creep strains according to Branson hyperbola and Model Code 90 at stress 
levels 0.43 and 0.65 fc – PZ-0899-01. 
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Fig. 5.15. Calculated creep strains according to Branson hyperbola and Model Code 90 at stress 
levels 0.42 and 0.63 fc – FA-1200-01. 
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Fig. 5.16. Calculated creep strains according to Branson hyperbola and Model Code 90 at stress 
levels 0.33 and 0.49 fc – RP-03-2E. 
As the calculated basic creep strains according to the Branson hyperbola are based on the 
experimental results, it was possible to observe a good correlation with the measured basic 
creep strains up to ages close to the considered testing ages. In contrast, the calculated basic 
creep strains according to the Model Code 90 showed less accordance with the experimental 
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results as these were not based on any measured creep strains but only on the compressive 
strength (and measured Young’s modulus). Still, for mixture PZ-0899-01 and RP-03-2E a 
very good congruence of predicted (Model Code 90) and experimental results was observed 
with deviations below 6 %. For mixture FA-1200-01 the prediction model of the Model 
Code 90 lead to a significant underestimation of the basic creep strains ?cc in comparison to 
the experimental results, but the deviations were still within a range of 30 % as required by 
the Model Code 90 [CEB93]. Even though higher strains were measured than predicted, after 
a testing duration of about 50 days the same strain gradients, i.e. creep rate, were observed 
(Fig. 5.15). Consequently one has to conclude that the high initial creep rate is not taken into 
account sufficiently in the prediction model. 
Subsequently, final characteristic creep values at a chosen theoretical concrete age of 70 years 
were calculated according to the Branson hyperbola as well as the Model Code 90, i.e. the 
basic creep strain ?cc,70a (Eq. 2.12), creep coefficient a70?  (Eq. 2.13), and specific creep strain 
acc 70,?  (Eq. 2.14). For a direct comparison of the investigated mixtures the final characteristic 
creep values were calculated by linear interpolation for a stress level of 0.3 fc. These 
parameters are listed in Table 5.3. 
Table 5.3. Characteristic creep values calculated for a concrete age of 70 years according to the 
Branson hyperbola [Bran77] and Model Code 90 [CEB93]. 
Mixture Stress level Branson hyperbola Model Code 90 
  Creep strain Specific 
creep strain
Creep
coefficient
Creep strain Specific 
creep strain 
Creep
coefficient
 k ?cc,70a
acc 70,? a70? ?? ?cc,70a acc 70,? a70?
- - mm/m 10-6 mm²/N - mm/m 10-6 mm²/N -
0.331) 1.2 49.8 1.6 1.5 
0.43 1.7 52.1 1.7 2.0 PZ-0899-01 
0.65 2.8 57.2 1.9 3.1 
62.8 2.1 
0.331) 1.5 140.1 3.5 1.4 
0.42 2.1 147.2 3.7 1.8 FA-1200-01 
0.63 3.5 163.7 4.1 2.7 
123.8 3.1 
0.33 3.9 94.2 2.7 2.2 
RP-03-2E
0.49 4.5 73.2 2.1 3.4 
54.9 1.6 
1) calculated by linear interpolation for load level 0.33 fc
The determined final creep strains ?cc,70a depend on the considered stress level and cannot be 
compared directly, but can be interpolated linearly as long as linear creep may be assumed. 
However, the highest final creep strains ?cc,70a were predicted for mixture RP-03-2E by both 
models. For mixture FA-1200-01 final creep strains ?cc,70a between 2.1 and 3.5 were 
determined according to the Branson hyperbola, which are slightly higher than those of 
mixture PZ-0899-01 with final creep strains ?cc,70a between 1.7 and 2.8. 
The highest specific creep strains acc 70,? , i.e. the relation of creep strain to applied load at the 
considered point in time, were found for mixture FA-1200-01 according to both approaches 
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(Branson hyperbola and Model Code 90). For mixtures PZ-0899-01 and RP-03-2E no trend of 
the specific creep strains can be stated as both approaches showed different tendencies, but in 
any event lower values were found than in mixture FA-1200-01. 
As explained in Section 2.3.3.1 the creep coefficient ? is not suitable for a direct comparison 
of the mixtures as the basic creep strains are related to the elastic creep strains (Young’s 
modulus) which differ significantly for the investigated concrete types. 
Please note that according to the Model Code 90 the specific creep strain acc 70,?  and creep 
coefficient a70?  are constant for linear creep, while according to the Branson hyperbola a 
slight increase of these values was observed with increasing stress level. The increase of these 
parameters was about 10 % corresponding to the increase factor ? of 1.1.
5.5 Summary and discussion 
The investigations of sustained loads allowed for the evaluation of creep deformations and 
determination of static fatigue of fine grained concrete. The static fatigue was found to 
correspond to stress levels between 0.83 and 0.92 fc. This is similar to ordinary concrete for 
which static fatigue is observed at stress levels of about 0.80 fc [Wes93]. As a consequence it 
is recommended to assume the static fatigue of fine grained concrete at a stress level of 0.80 fc
which is on the safe side for all considered mixtures. 
In general, fine grained concrete showed higher creep strains in comparison with ordinary or 
high strength concrete. As creep deformations take place within the cement paste these higher 
strains were explained by the high binder contents (700 to 1400 kg/m³) in comparison with 
ordinary concrete (~ 300 kg/m³). However, a direct comparison between the characteristic 
creep values of fine grained and ordinary concrete may be misleading. When calculating e.g. 
the creep coefficient ? high basic creep strains with high elastic strains of the fine grained 
concrete may lead to similar values of ? even though the basic creep strains ?cc of fine grained 
concrete were found to be significantly higher in comparison with ordinary concrete. For this 
reason, both the basic creep strain ?cc and creep coefficient ? should be considered. 
The Branson hyperbola and prediction model of the Model Code 90 were used to derive final 
characteristic creep values at a chosen (theoretical) concrete age of 70 years. Which method 
will better represent the real material characteristics can only be verified with further 
measurements of the creep strains over a longer period of time. However, while the prediction 
of creep strains with the Branson hyperbola requires experimental creep data of a sufficient 
testing duration (360 days are recommended), the prediction model of the Model Code 90 
allows for deriving creep characteristics on the basis of the compressive strength only without 
carrying out extensive creep investigations. Within the considered testing duration the creep 
strains determined by this prediction model showed a very good congruence with the 
experiments for mixtures PZ-0899-01 and RP-03-2E, if the experimentally determined 
Young’s moduli were used as input parameters. For the standard mixture PZ-0899-01 a creep 
coefficient ? of 2.0 should be used for deformation analysis of structural members. 
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will better represent the real material characteristics can only be verified with further 
measurements of the creep strains over a longer period of time. However, while the prediction 
of creep strains with the Branson hyperbola requires experimental creep data of a sufficient 
testing duration (360 days are recommended), the prediction model of the Model Code 90 
allows for deriving creep characteristics on the basis of the compressive strength only without 
carrying out extensive creep investigations. Within the considered testing duration the creep 
strains determined by this prediction model showed a very good congruence with the 
experiments for mixtures PZ-0899-01 and RP-03-2E, if the experimentally determined 
Young’s moduli were used as input parameters. For the standard mixture PZ-0899-01 a creep 
coefficient ? of 2.0 should be used for deformation analysis of structural members. 
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With further investigations the applicability of the considered prediction model may be 
proved. Still, at this point the applicability of this model as well as the determined final 
characteristic creep values should be considered carefully, because at the time of prognosis 
considerable creep strains were still measured. Hence, further analysis of the creep data and 
development of the creep strains over longer periods will be essential for the evaluation of a 
general applicability of the prediction model of the Model Code 90 to fine grained concrete. 
The characteristic creep parameters suggested for dimensioning of TRC building members are 
listed in Table 8.1, where all relevant parameters of fine grained concrete are summarised. 
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CHAPTER 6
TENSION (SHORT-TERM STATIC LOADS)
6.1 Introduction
In general, the aforementioned fracture mechanical approaches (Section 2.4.2), no matter if 
linear or non-linear, are used to predict the nominal strength of concrete structures. In order to 
determine fracture characteristics of fine grained concrete under short-term static loads 
uniaxial tension tests were carried out as well as 3-point bend tests using different sizes of 
specimens. In a first step, the applicability of LEFM was investigated by determining the 
notch sensitivity and also by calculating the corresponding LEFM parameters, i.e. the fracture 
toughness, and the energy release rate. Based on the results thus determined it has been shown 
that LEFM does not apply to fine grained concrete and that non-linear fracture mechanics 
have to be used. As a consequence, the principal non-linear fracture mechanical parameters, 
i.e. the fracture energy, and the characteristic length were determined. Furthermore, non-
linear fracture mechanical approaches based on the FCM were chosen to derive tension 
softening relations (?-w curve) by means of (i) FE-analysis, and (ii) a newly proposed 
analytical model which uses load versus displacement relations determined by a video 
measuring technique.  
Finally, again based on the experimental results of 3-point bend tests carried out using 
specimen dimensions in a size range of 1:4, a size effect analysis of the flexural strengths was 
carried out applying the SEL by Bazant (Section 2.5.3), and the MFSL by Carpinteri 
(Section 2.5.5). 
6.2 Experimental, numerical and analytical methods 
To investigate the above mentioned fracture mechanical characteristics appropriate specimen 
sizes, test set-ups, and testing techniques had to be modified, i.e. the uniaxial tension and 3-
point bend test, which are both described in the following. All fine grained concrete 
specimens were produced according to Section 3.2.  
6.2.1 Uniaxial tension tests 
Uniaxial tension tests on cylindrical specimens with a diameter dcyl of 50 mm and height h of 
100 mm were carried out to derive the tensile strength ft and the Young's modulus Et. Hinged 
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6 Tension (short-term static loads)116
boundary conditions were chosen for the testing procedure. For specimen preparation the 
specimen ends were keyed and glued with epoxy resin to steel plates of the same diameter, 
and subsequently installed in a universal testing machine (INSTRON 5587, 10 kN load cell). 
Three strain gauges with a measuring length of 25 mm were applied to measure the axial 
deformations during testing (Fig. 6.1 a). After applying a pre-load of about 100 N the tests 
were carried out by load control at a rate of 0.10 kN/sec for mixtures PZ-0899-01 and FA-
1200-01, and 0.15 kN/sec for mixture RP-03-2E. Thus, a failure of the specimens occurred 
always between 60 to 80 seconds. 
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Fig. 6.1. a) Test set-up of uniaxial tension test with cylindrical specimens with uniform cross-
section.
b) Dimensions of dog-bone shaped specimens with cross-section 12.5 x 25 mm². 
c) Test set-up of the uniaxial tension test with dog-bone shaped specimens. 
As the cylindrical specimens have rather compact dimensions in comparison with the planned 
thin-structured TRC elements featuring a thickness d = 10 mm, additional uniaxial tension 
tests were carried out on smaller sized dog-bone shaped specimens with a cross-section of 
d x b = 12.5 x 25 mm² (Fig. 6.1 b). For these tests the specimens were centred on the load 
plates and glued with epoxy resin. Two strain gauges with a measuring length of 25 mm were 
applied to measure the axial deformations during loading (Fig. 6.1 c). After applying a pre-
load of about 50 to 100 N, the tests were carried out with a universal testing machine 
(INSTRON 1185, 100 kN load cell) controlled by cross-head displacement at a rate of 
0.01 mm/min.  
As both test configurations gave similar results, finally, the tensile strength ft, and Young’s 
modulus Et determined by testing cylindrical specimens were used as input parameters for 
further analysis within this Chapter 6. However, as the flat dog-bone shaped specimens allow 
for a complete carbonation of the matrix within only a few weeks of storage (accelerated 
carbonation), these specimens were used for experimental investigations in regard to the 
influence of carbonation effects on the tensile strength ft and Young’s modulus Et of the fine 
grained concrete (Section 7.3.1). 
6 Tension (short-term static loads)116
boundary conditions were chosen for the testing procedure. For specimen preparation the 
specimen ends were keyed and glued with epoxy resin to steel plates of the same diameter, 
and subsequently installed in a universal testing machine (INSTRON 5587, 10 kN load cell). 
Three strain gauges with a measuring length of 25 mm were applied to measure the axial 
deformations during testing (Fig. 6.1 a). After applying a pre-load of about 100 N the tests 
were carried out by load control at a rate of 0.10 kN/sec for mixtures PZ-0899-01 and FA-
1200-01, and 0.15 kN/sec for mixture RP-03-2E. Thus, a failure of the specimens occurred 
always between 60 to 80 seconds. 
a)
20 mm
 b)
d = 12.5
15
20
30 100
[mm]40
25
c)
20 mm
Fig. 6.1. a) Test set-up of uniaxial tension test with cylindrical specimens with uniform cross-
section.
b) Dimensions of dog-bone shaped specimens with cross-section 12.5 x 25 mm². 
c) Test set-up of the uniaxial tension test with dog-bone shaped specimens. 
As the cylindrical specimens have rather compact dimensions in comparison with the planned 
thin-structured TRC elements featuring a thickness d = 10 mm, additional uniaxial tension 
tests were carried out on smaller sized dog-bone shaped specimens with a cross-section of 
d x b = 12.5 x 25 mm² (Fig. 6.1 b). For these tests the specimens were centred on the load 
plates and glued with epoxy resin. Two strain gauges with a measuring length of 25 mm were 
applied to measure the axial deformations during loading (Fig. 6.1 c). After applying a pre-
load of about 50 to 100 N, the tests were carried out with a universal testing machine 
(INSTRON 1185, 100 kN load cell) controlled by cross-head displacement at a rate of 
0.01 mm/min.  
As both test configurations gave similar results, finally, the tensile strength ft, and Young’s 
modulus Et determined by testing cylindrical specimens were used as input parameters for 
further analysis within this Chapter 6. However, as the flat dog-bone shaped specimens allow 
for a complete carbonation of the matrix within only a few weeks of storage (accelerated 
carbonation), these specimens were used for experimental investigations in regard to the 
influence of carbonation effects on the tensile strength ft and Young’s modulus Et of the fine 
grained concrete (Section 7.3.1). 
6 Tension (short-term static loads)116
boundary conditions were chosen for the testing procedure. For specimen preparation the 
specimen ends were keyed and glued with epoxy resin to steel plates of the same diameter, 
and subsequently installed in a universal testing machine (INSTRON 5587, 10 kN load cell). 
Three strain gauges with a measuring length of 25 mm were applied to measure the axial 
deformations during testing (Fig. 6.1 a). After applying a pre-load of about 100 N the tests 
were carried out by load control at a rate of 0.10 kN/sec for mixtures PZ-0899-01 and FA-
1200-01, and 0.15 kN/sec for mixture RP-03-2E. Thus, a failure of the specimens occurred 
always between 60 to 80 seconds. 
a)
20 mm
 b)
d = 12.5
15
20
30 100
[mm]40
25
c)
20 mm
Fig. 6.1. a) Test set-up of uniaxial tension test with cylindrical specimens with uniform cross-
section.
b) Dimensions of dog-bone shaped specimens with cross-section 12.5 x 25 mm². 
c) Test set-up of the uniaxial tension test with dog-bone shaped specimens. 
As the cylindrical specimens have rather compact dimensions in comparison with the planned 
thin-structured TRC elements featuring a thickness d = 10 mm, additional uniaxial tension 
tests were carried out on smaller sized dog-bone shaped specimens with a cross-section of 
d x b = 12.5 x 25 mm² (Fig. 6.1 b). For these tests the specimens were centred on the load 
plates and glued with epoxy resin. Two strain gauges with a measuring length of 25 mm were 
applied to measure the axial deformations during loading (Fig. 6.1 c). After applying a pre-
load of about 50 to 100 N, the tests were carried out with a universal testing machine 
(INSTRON 1185, 100 kN load cell) controlled by cross-head displacement at a rate of 
0.01 mm/min.  
As both test configurations gave similar results, finally, the tensile strength ft, and Young’s 
modulus Et determined by testing cylindrical specimens were used as input parameters for 
further analysis within this Chapter 6. However, as the flat dog-bone shaped specimens allow 
for a complete carbonation of the matrix within only a few weeks of storage (accelerated 
carbonation), these specimens were used for experimental investigations in regard to the 
influence of carbonation effects on the tensile strength ft and Young’s modulus Et of the fine 
grained concrete (Section 7.3.1). 
6 Tension (short-term static loads)116
boundary conditions were chosen for the testing procedure. For specimen preparation the 
specimen ends were keyed and glued with epoxy resin to steel plates of the same diameter, 
and subsequently installed in a universal testing machine (INSTRON 5587, 10 kN load cell). 
Three strain gauges with a measuring length of 25 mm were applied to measure the axial 
deformations during testing (Fig. 6.1 a). After applying a pre-load of about 100 N the tests 
were carried out by load control at a rate of 0.10 kN/sec for mixtures PZ-0899-01 and FA-
1200-01, and 0.15 kN/sec for mixture RP-03-2E. Thus, a failure of the specimens occurred 
always between 60 to 80 seconds. 
a)
20 mm
 b)
d = 12.5
15
20
30 100
[mm]40
25
c)
20 mm
Fig. 6.1. a) Test set-up of uniaxial tension test with cylindrical specimens with uniform cross-
section.
b) Dimensions of dog-bone shaped specimens with cross-section 12.5 x 25 mm². 
c) Test set-up of the uniaxial tension test with dog-bone shaped specimens. 
As the cylindrical specimens have rather compact dimensions in comparison with the planned 
thin-structured TRC elements featuring a thickness d = 10 mm, additional uniaxial tension 
tests were carried out on smaller sized dog-bone shaped specimens with a cross-section of 
d x b = 12.5 x 25 mm² (Fig. 6.1 b). For these tests the specimens were centred on the load 
plates and glued with epoxy resin. Two strain gauges with a measuring length of 25 mm were 
applied to measure the axial deformations during loading (Fig. 6.1 c). After applying a pre-
load of about 50 to 100 N, the tests were carried out with a universal testing machine 
(INSTRON 1185, 100 kN load cell) controlled by cross-head displacement at a rate of 
0.01 mm/min.  
As both test configurations gave similar results, finally, the tensile strength ft, and Young’s 
modulus Et determined by testing cylindrical specimens were used as input parameters for 
further analysis within this Chapter 6. However, as the flat dog-bone shaped specimens allow 
for a complete carbonation of the matrix within only a few weeks of storage (accelerated 
carbonation), these specimens were used for experimental investigations in regard to the 
influence of carbonation effects on the tensile strength ft and Young’s modulus Et of the fine 
grained concrete (Section 7.3.1). 
6.2 Experimental, numerical and analytical methods 117
6.2.2 3-point bend test 
The test configuration of the 3-point bend test is schematically shown in Fig. 6.2. 
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Fig. 6.2. Sketch of notched 3-point bend test. 
The tests were carried out at a testing age of 28 days on notched as well as non-notched 
specimens. The notches were sawn using a diamond saw with a thickness of about 2 mm. The 
specimen dimensions are defined by the length l, span ls, width b, beam depth (dimension) d, 
ligament height dlig, notch depth a, notch width w, and displacement u according to Fig. 6.2. 
With the objective of analysing possible size effects specimens of width b = 10, 20, 40 mm 
with a varying cross-section d/b of 1, 2, and 4 were used, giving a size range of 1:4. The 
testing programme, specimen dimensions, and load rates are shown in Table 6.1. 
Table 6.1. Testing programme, specimen dimensions, and load rates for 3-point bend tests. 
Mixture Specimen dimensions Testing and tested parameters Loading 
 b d d/b l ls ls/d a a/d P-u Gf ffl Video FE Pre-
load
Load
rate
 mm - mm - mm - - N mm/min
10 1 60 50 0.0 0.00 - - x - - 10 0.0101)
10 1 60 50 2.5 x x x - x3) 10 0.0101)
20 2 120 100 5.0 x x x - x3) 25 0.0152)
10
40 4 240 200 10.0
0.25
x x x - x3) 25 0.0152)
20 1 120 100 0.0 0.00 - - x - - 25 0.0152)
20 1 120 100 5.0 x x x - x 25 0.0152)
40 2 240 200 10.0 x x x - x 50 0.0152)
20
80 4 480 400 20.0
0.25
x x x - x 100 0.015 
40 1 240 200 0.0 0.00 - - x - - 
40 1 240 200 10.0 x x x x x 
80 2 480 400 20.0
0.25
x x x - x 
0.015 
80 2 480 400 0.0 0.00 - - x - - 0.020 
PZ-0899-01 
FA-1200-01 
RP-03-2E
40
40 1 240 200 
5
20.0 0.50 - - x - - 
100
0.015 
1) load rate 0.005 mm/min for mixture RP-03-2E 
2) load rate 0.010 mm/min for mixture RP-03-2E
3) FE analysis only for mixture PZ-0899-01 
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6.2.2 3-point bend test 
The test configuration of the 3-point bend test is schematically shown in Fig. 6.2. 
P
d
dlig
b
a
ub
w
l
ls
Fig. 6.2. Sketch of notched 3-point bend test. 
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All 3-point bend tests were carried out with a universal testing machine (INSTRON 5566, 
5 kN load cell) by displacement control using the deflection ub at the mid-section of the beam 
(Fig. 6.3 a), only specimens of the beam height d = 80 mm were tested with a 100 kN load 
cell (INSTRON 1185). Depending on the specimen size and concrete type a pre-load between 
10 and 100 N as well as adequate load rates were chosen (Table 6.1), which lead to a testing 
duration of 10 to 50 minutes. During testing, the applied load Pexp, the displacement ub in the 
lower mid-section of the beam, and settlements of the supports, i.e. the displacements ut, on 
top of the beam in line with the axes of the supports were recorded (Fig. 6.3 a). All 
displacements were measured by LVDT placed in the middle of the beam at width b/2. The 
difference between these displacements was finally taken as absolute mid-span deflection 
u = ub - ut, used within the following analysis. Additional investigations with a correction of 
possible settlements or displacements of both roller supports were carried out. These data of at 
least 12 3-point bend beams allowed for a statistical evaluation of test results. However, no 
relevant influence on the mechanical (flexural strength ffl,net or ffl) or fracture mechanical 
parameters (fracture energy Gf) was detected, which proves the appropriateness of the 
proposed 3-point bend tests of Fig. 6.3. 
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Fig. 6.3. a) Test set-up of 3-point bend test (exemplary shown for a specimen 10 x 10 x 60 mm³). 
b) Measuring levels yi for video extensometer (specimen 40 x 40 x 240 mm³). 
The 3-point bend test gives as a direct result the complete load-displacement curve (P-u), and 
the flexural strength ffl of the non-notched beams or the net flexural strength ffl,net of the 
notched beams. These were derived as follows, assuming linear-elastic material behaviour 
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where Pmax is the maximum measured load.  
6.2.3 Video measuring technique 
The system of the video extensometer consists of two main parts: a video camera and a video 
processing part, which is stored in a PC containing a frame-grabber interface card and 
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appropriate software to analyse the data. The frame-grabber card converts the PAL video 
signal into an 8-bit digital format whilst simultaneously generating a 800 x 600 pixel image. 
The interface is capable of resolving the grey scale level of each pixel in 256 shades. The 
video extensometer operates directly as a non-contact displacement measurement device by 
determining the change in distance between two markers of one measuring level, the so-called 
targets. For the video measuring technique frames are set as shown in Fig. 6.3 b to locate 
these targets, which are the intersections of lines drawn on the specimen’s surface. Within 
these frames the targets produce rapid contrast changes in grey scale and thus allow the 
evaluation of the change in displacement ?l(yi) between two targets by tracking the specific 
grey scale distributions in the x-direction in the sequence of the pictures taken (12.5 pictures 
per second). Also, the initial distance between two targets of one measuring level in x-
direction, i.e. measuring length lm(yi) is determined.  
The measured displacements ?l(yi) imply elastic and plastic deformations. In the case of the 
linear-elastic state (i.e. linear ?-? relation) only the elastic fraction is considered, while for the 
post-cracked state, i.e. when a FPZ is formed (i.e. non-linear ?-w relation), only the plastic 
fraction is considered, and in this case the elastic fraction of ?l(yi) = ?lelast + ?lplastic is 
assumed to be negligible. For the experiments the measuring length lm was chosen as about 
lm ? 20 mm (the exact values are given by the video measuring device and are used for the 
subsequent calculations). Ideally, the measuring length lm should be as small as possible in 
order to minimise the fraction of elastic deformations within ?l(yi) for the softening region. 
However a certain length of lm has to be chosen to assure that the crack will propagate within 
the considered measuring length.  
As the video cameras also continuously register the movements of the targets in y-direction 
during testing - which, however, are not used within this study - the actual displacements in x-
direction are always measured with a negligible impact due to bending of the concrete beam. 
The maximum resolution of the video measuring technique depends on the field of view. In 
the presented case a display window of about 40 x 60 mm² was used for the tested specimens 
with dimensions 40 x 40 x 240 mm³ (Table 6.1). The obtained data are given with a relative 
accuracy of about 0.6 µm as investigated with additional calibration tests carried out with a 
high resolution closed-loop machine (DC-mike by Physic Instrumente Inc.) featuring a 
precision of 0.05 µm. The cross-head displacement was measured by the machine and 
compared with the displacements which were simultaneously measured with the video 
extensometer. Maximum deviations of about 0.6 µm were found for the video measurements. 
No absolute accuracy of the video measuring system can be given as this would have to be 
verified by a measuring system with an even higher accuracy and also by a high amount of 
data which would allow for a statistical evaluation of the measurements. 
As the video extensometer measures changes in length and the absolute distances depend on 
the chosen display window, before testing a calibration of the measuring system always had to 
be carried out. Hence, a known distance of a measuring gauge (with an accuracy of 0.1 µm 
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direction are always measured with a negligible impact due to bending of the concrete beam. 
The maximum resolution of the video measuring technique depends on the field of view. In 
the presented case a display window of about 40 x 60 mm² was used for the tested specimens 
with dimensions 40 x 40 x 240 mm³ (Table 6.1). The obtained data are given with a relative 
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high resolution closed-loop machine (DC-mike by Physic Instrumente Inc.) featuring a 
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according to the manufacturer’s specification) which is fixed on a test 3-point specimen was 
allocated to that same distance as defined between two target-frames. Afterwards all absolute 
measured distances are related to this calibration distance by rules of proportion. Still, 
systematic inaccuracies e.g. due to differing angles between the camera and specimen or the 
calibration gauge for different test series, cannot be ruled out and hence cause a certain scatter 
of the measured data. Therefore, in order to gain more information about the movements of 
the specimen during the 3-point bend test, additional measurements by means of 
photogrammetry were carried out by the Geodetic Institute of RWTH Aachen University. 
Using parallel 3 cameras made the evaluation of any movements of the specimen in x-, y- and 
z-direction possible and hence also the evaluation of the displacements of the crack surfaces 
etc. [Ben04]. The tests were carried out during the 3-point bend test measuring one side of the 
specimen, while the video extensometer were used on the other side of the specimens. As two 
different specimen surfaces and hence fracture surface were measured, only the principal 
range of results could be compared. Similar displacements were measured with a variance 
between 0.3 to 0.7 µm. Furthermore, hardly any shear of the crack surfaces was measured, 
which justifies considering the concrete beam in a 3-point bend test as inelastic body. The 
measured displacements were within the given relative accuracy, even though the absolute 
accuracy of this measuring system is given with 3 to 4 µm only.  
6.2.4 Finite element analysis 
The primary objective of the FE analysis, which is described in principle in Section 2.4.2.2, 
was the derivation of multi-linear ?-w curves of the fine grained concrete. However, FE 
analysis was also applied to verify the analytical model, and the video measuring technique. 
These investigations are presented in Section 6.4.2. 
In a first step, a numerical model of the experimental notched 3-point bend test was created 
and analysed with the commercially available FE-programme DIANA? [DIA02]. Due to the 
non-linear fracture behaviour of the fine grained concrete non-linear solution algorithms were 
chosen for analysis. Within this study the softening behaviour of the concrete was derived 
using the fictitious crack approach (Section 2.4.2.2) which is based on the concept of a “single 
fixed crack” [Rot88]. A main characteristic of this concept is that a crack keeps its original 
orientation throughout the calculation routine, while main tensional strains and stresses may 
change their direction. Therefore this concept was considered to be appropriate for the 
modelling of notched 3-point bend beams with the origin and principal direction of crack 
development already restricted by the notch. Of course, in the real concrete beam the cracks 
will show a certain 3-dimensionality as well as crack bridging and branching effects due to 
micro-cracking within the ligament. Still, the approximations of the FCM and the single fixed 
crack concept allow a sufficient accurate numerical simulation of these experiments. 
The chosen idealised system of the modelled beam is shown in Fig. 6.4. The bulk matrix was 
modelled by plane stress elements, whereas the material in the fracture zone was modelled by 
interface elements.  
6 Tension (short-term static loads)120
according to the manufacturer’s specification) which is fixed on a test 3-point specimen was 
allocated to that same distance as defined between two target-frames. Afterwards all absolute 
measured distances are related to this calibration distance by rules of proportion. Still, 
systematic inaccuracies e.g. due to differing angles between the camera and specimen or the 
calibration gauge for different test series, cannot be ruled out and hence cause a certain scatter 
of the measured data. Therefore, in order to gain more information about the movements of 
the specimen during the 3-point bend test, additional measurements by means of 
photogrammetry were carried out by the Geodetic Institute of RWTH Aachen University. 
Using parallel 3 cameras made the evaluation of any movements of the specimen in x-, y- and 
z-direction possible and hence also the evaluation of the displacements of the crack surfaces 
etc. [Ben04]. The tests were carried out during the 3-point bend test measuring one side of the 
specimen, while the video extensometer were used on the other side of the specimens. As two 
different specimen surfaces and hence fracture surface were measured, only the principal 
range of results could be compared. Similar displacements were measured with a variance 
between 0.3 to 0.7 µm. Furthermore, hardly any shear of the crack surfaces was measured, 
which justifies considering the concrete beam in a 3-point bend test as inelastic body. The 
measured displacements were within the given relative accuracy, even though the absolute 
accuracy of this measuring system is given with 3 to 4 µm only.  
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was the derivation of multi-linear ?-w curves of the fine grained concrete. However, FE 
analysis was also applied to verify the analytical model, and the video measuring technique. 
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In a first step, a numerical model of the experimental notched 3-point bend test was created 
and analysed with the commercially available FE-programme DIANA? [DIA02]. Due to the 
non-linear fracture behaviour of the fine grained concrete non-linear solution algorithms were 
chosen for analysis. Within this study the softening behaviour of the concrete was derived 
using the fictitious crack approach (Section 2.4.2.2) which is based on the concept of a “single 
fixed crack” [Rot88]. A main characteristic of this concept is that a crack keeps its original 
orientation throughout the calculation routine, while main tensional strains and stresses may 
change their direction. Therefore this concept was considered to be appropriate for the 
modelling of notched 3-point bend beams with the origin and principal direction of crack 
development already restricted by the notch. Of course, in the real concrete beam the cracks 
will show a certain 3-dimensionality as well as crack bridging and branching effects due to 
micro-cracking within the ligament. Still, the approximations of the FCM and the single fixed 
crack concept allow a sufficient accurate numerical simulation of these experiments. 
The chosen idealised system of the modelled beam is shown in Fig. 6.4. The bulk matrix was 
modelled by plane stress elements, whereas the material in the fracture zone was modelled by 
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Fig. 6.4. The FE mesh used for numerical analysis of a notched 3-point bend test. 
The FE analysis requires certain basic material properties of the fine grained concrete as input 
parameters, i.e. the Young’s modulus Et (Table 6.3), and the Poisson’s ratio ? for the plane 
stress elements. Depending on the material simulated, ??was taken thereby as 0.21 for 
mixtures PZ-0899-01 and FA-1200-01, and ?0.25 for mixture RP-03-2E (mean of Table 4.4). 
On the other hand, the material characteristics of the interface elements which represent the 
FPZ are defined by an idealised stiffness representing the Young’s modulus, the tensile 
strength which marks the stress at which a crack begins to form, and finally the ?-w relation 
for the post crack stage. This multi-linear ?-w relation is in turn defined by 10 sampling 
points (?i, wi), for 1 ? i ? 10. 
For inverse analysis a numerical fitting procedure as described in [Hann05] was applied. 
Within this fitting process three parameters of the ?-w relation were identified by 
optimisation. These are the tensile strength ft which marks the starting point of the softening 
relation, the fracture energy Gf which defines the area under the ?-w curve, and a coefficient 
of the curvature f, which defines the shape of the ?-w relation. Hence, a good characterisation 
of the multi-linear ?-w curve is possible using only three variables. Limiting values of these 
parameters were used to reduce the amount of calculation time required and thus simplify a 
convergence. The limits of the tensile strength ft and the fracture energy Gf were chosen 
according to the mean values and relative standard deviations of the experimental results as 
listed in Table 6.2, while the limiting values of the coefficient of curvature f were taken from 
a sensible range according to preliminary test results of the fitting procedure. 
Table 6.2. Limiting values for the fitting procedure within FE analysis. 
Limiting values PZ-0899-01 FA-1200-01 RP-03-2E 
Coefficient of curvature f - 1.2 to 2.6 1.2 to 2.6 1.2 to 2.6 
Tensile strength ft N/mm² 3.6 to 4.4 2.4 to 3.6 4.5 to 5.5 
Fracture energy Gf N/m 32 to 55 20 to 30 13 to 25 
The actual optimisation routine was carried out in two steps. In the first step, a genetic 
algorithm [Lev96] was applied to find a sufficient starter guess for a complete multi-linear ?-
w curve with 10 sampling points (?i, wi). Afterwards, the best parameter set as defined by a 
minimum value (similar to the least square method) was used as starter guess for the second 
step of the optimisation routine. In this second stage, the so-called ‘unconstrained 
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minimisation without the calculation of derivatives’ based on a quadratic approximation of 
the objective function was applied using the Fortran software NEWUOWA [Powe04]. A 
detailed description of this optimisation method is given in [Powe03]. This subsequent routine 
requires a sensible starter guess and then leads to an improved accuracy of the softening 
relation derived in this way. The final results of these optimisation processes of FE analysis 
are shown in Section 6.4.2.1. 
6.2.5 Analytical model 
The analytical model proposed within this study allows the derivation of a multi-linear ?-w
relation from a 3-point bend test, where the fracture process of the concrete beam is 
considered according to the FCM, similar as for the previously introduced analytical 
approaches (Section 2.4.3). Generally, the only direct output gained from a 3-point bend test 
is the load versus displacement relation. As the crack runs in line with the applied load and 
measured displacements ub, no information on the stress and strain field perpendicular to the 
load direction within the fracture zone is known. However, in the presented case, the non-
contact measurements of the video extensometer (introduced before) allowed for the 
continuous determination of a displacement field over the ligament height throughout the test. 
During the experiment the external load Pexp and the displacements ?l (strain, and 
compression strain) in x-direction were measured at the different measuring levels yi with the 
measuring length lm(yi) assembled over the ligament height yn along the mid-section of the 
beam (Fig. 6.5). Thus, the objective of the analytical model proposed in the following, is to 
use this additional information for the derivation of the softening behaviour of fine grained 
concrete in a more straightforward way in comparison with FE analysis. 
The model is based on the principle of the equilibrium of the outer moment MO and the inner 
moment MI, which is calculated for the ligament height at the mid-section of the beam, i.e. 
MI = MO, see Fig. 6.5. The outer moment MO can be easily determined by 
4
exp s
O
lP
M ?  (6.2) 
where Pexp is the measured load for each load step, and ls is the span of the beam. 
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Fig. 6.5. Distribution of displacements ?l(yi) and stresses ??yi) in the mid-section of the concrete 
beam. 
In the following, i refers to the location yi, too, for reasons of simplification, i.e. ?(yi) = ?i. In 
addition, the following considerations and equations refer to one load step only. 
To simplify the calculations of the inner moment, the stress field of the ligament was assumed 
piecewise linear between each of the measuring levels yi (sampling points). Thus, the stress 
distribution ?i can be derived directly as will be described in this section. The inner moment 
MI is determined by the following equation, see Fig. 6.6, 
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where j = i is defined as section between two measuring levels i and i + 1 and as a result 
1 < j < n-1, Fj is the force of section j derived by integration of corresponding stresses, hj is 
the moment arm of considered stress distribution area related to neutral axis ys, ?i the stress at 
ligament height yi, yi is the distance from the surface of the concrete beam in y-direction, and 
b the width of concrete beam. 
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Fig. 6.6. Principal stress distribution ??yi) and corresponding section forces Fj.
To determine the moment arms hj the neutral axis ys has to be known as well as the section k, 
where the neutral axis is crossing. Hence, this was determined for each load step straight from 
6.2 Experimental, numerical and analytical methods 123
MI
P /2exp
P /2exp
 ft
Fig. 6.5. Distribution of displacements ?l(yi) and stresses ??yi) in the mid-section of the concrete 
beam. 
In the following, i refers to the location yi, too, for reasons of simplification, i.e. ?(yi) = ?i. In 
addition, the following considerations and equations refer to one load step only. 
To simplify the calculations of the inner moment, the stress field of the ligament was assumed 
piecewise linear between each of the measuring levels yi (sampling points). Thus, the stress 
distribution ?i can be derived directly as will be described in this section. The inner moment 
MI is determined by the following equation, see Fig. 6.6, 
?
?
?
?
1
1
n
j
jjI hFM bhyyhF nnn
n
j
nn
jj 11
2
1
1 )(
2
??
?
?
? ?
?
?? ? ??  (6.3) 
where j = i is defined as section between two measuring levels i and i + 1 and as a result 
1 < j < n-1, Fj is the force of section j derived by integration of corresponding stresses, hj is 
the moment arm of considered stress distribution area related to neutral axis ys, ?i the stress at 
ligament height yi, yi is the distance from the surface of the concrete beam in y-direction, and 
b the width of concrete beam. 
  = f? t
 Fn-1
 hn-1
 ys
Fig. 6.6. Principal stress distribution ??yi) and corresponding section forces Fj.
To determine the moment arms hj the neutral axis ys has to be known as well as the section k, 
where the neutral axis is crossing. Hence, this was determined for each load step straight from 
6.2 Experimental, numerical and analytical methods 123
MI
P /2exp
P /2exp
 ft
Fig. 6.5. Distribution of displacements ?l(yi) and stresses ??yi) in the mid-section of the concrete 
beam. 
In the following, i refers to the location yi, too, for reasons of simplification, i.e. ?(yi) = ?i. In 
addition, the following considerations and equations refer to one load step only. 
To simplify the calculations of the inner moment, the stress field of the ligament was assumed 
piecewise linear between each of the measuring levels yi (sampling points). Thus, the stress 
distribution ?i can be derived directly as will be described in this section. The inner moment 
MI is determined by the following equation, see Fig. 6.6, 
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where j = i is defined as section between two measuring levels i and i + 1 and as a result 
1 < j < n-1, Fj is the force of section j derived by integration of corresponding stresses, hj is 
the moment arm of considered stress distribution area related to neutral axis ys, ?i the stress at 
ligament height yi, yi is the distance from the surface of the concrete beam in y-direction, and 
b the width of concrete beam. 
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the experimental results, i.e. the section k with ?l = 0 was found for ?lk-1 < 0 and ?lk > 0. 
Then ys yields
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Assuming linear-elastic material behaviour until the tensile strength of the concrete is 
reached, the stress distribution within the ligament was determined for the regions of 
compression or tension according to Hooke´s law by
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where ?i is defined by the measured displacement ?li related to the corresponding measuring 
length lm(yi), and E is the Young´s modulus of the fine grained concrete. According to the 
FCM the material will not stay in a linear-elastic state but show a softening behaviour within 
the FPZ after exceeding the tensile strength. For this situation the inner moment and the stress 
distribution within the ligament was determined as follows: For a certain load step T it can be 
assumed that the FPZ has started to develop in section n-1 because the tensile strength ft was 
exceeded at yn. In this case the equilibrium of forces, and hence moments, does not hold 
anymore if only linear-elastic material behaviour is assumed in section n-1 because the 
material has already started to soften. Thus, for this load step (Fig. 6.7) the stress ?nT cannot 
be derived by linear-elastic assumptions but has to be described by the unknown softening 
function. As the moment equilibrium is still valid, MI = MO may be solved for ?nT which then 
is the only unknown parameter of Eq. 6.3. The corresponding displacement ?lnT is known 
from the experiment. Hence, the first point of the softening function is found (Fig. 6.7, load 
step T). Note, that a linear relation of the stress distribution between the known ?n-1T and the 
fitted ?nT is assumed. 
For the following load step T+1 a further progression of the FPZ is assumed. This new load 
step is chosen in such a way that the recorded ?ln-1T+1 is smaller than ?lnT determined in the 
previous load step. Hence, the corresponding stresses at the locations yi for 1 ? i ? n-1 can be 
found either by using the basic linear-elastic equation stated in Eq. 6.5 or by linear 
interpolation up to the last known ?nT as shown in Fig. 6.7. As already shown for the previous 
load step, now the actual displacement ?lnT+1 at the low end yn of the ligament height is 
measured, but the corresponding ?nT+1 is not known and hence has to be derived by 
equilibrium of moments as described above. This iterative process which is a combination of 
linear interpolation of stresses corresponding to measured displacements ?li and assuming 
equilibrium of forces carried out for the following load-steps > T+1 allows the step-by-step 
determination of a multi-linear ?-?l curve. As the elastic deformations in the regions of the 
cohesive crack (i.e. within the measuring length lm(yi)) were assumed negligible in the 
proposed model, the determined ?-?l relation corresponds to the demanded ?-w curve. 
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6.3 Test results 
6.3.1 Uniaxial tension tests 
The mean of the tensile strength ft, the corresponding Young’s modulus Et, and the strain at 
ultimate tensile load ?t1 are given in Table 6.3 together with the relative standard deviations. 
The presented values of Et correspond well with the Young’s moduli Ec determined under 
compression (Table 3.3). Typical ?-? curves of the mixtures PZ-0899-01, FA-1200-01, and 
RP-03-2E determined by the uniaxial tension test are shown in Fig. 6.8. For further analysis 
(e.g. FE calculations) these ?-? curves were approximated as linear. This assumption seemed 
appropriate as the coefficient of fullness ?c was determined as 0.52 (Eq. 2.5) for mixture PZ-
0899-01, 0.51 for mixture FA-1200-01, and 0.50 for mixture RP-03-2E. Thus, all values 
approximated ?c = 0.50 which represents ideal linearity. 
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Table 6.3. Mean tensile strength ft, Young’s modulus Et and strain at ultimate load ?t1 derived from 
uniaxial tension tests. 
Results from experiment PZ-0899-01 FA-1200-01 RP-03-2E 
 ft Et ?t1 ft Et ?t1 ft Et ?t1
  N/mm² mm/m N/mm² mm/m N/mm² mm/m
Mean value - 4.0 32 400 0.13 3.1 25 100 0.12 5.0 28 000 0.18 
Relative standard deviation % 10.3 4.2 15.5 22.8 2.1 28.3 10.5 2.0 13.4 
Tensile stress ?t in N/mm²
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Fig. 6.8. Typical stress-strain curves determined by uniaxial tension tests. 
6.3.2 3 point-bend test 
Within this section the results of the 3-point bend test, i.e. the complete load-displacement 
curves (P-u), and the flexural strengths ffl or ffl,net are given, but the subsequently derived 
fracture mechanical parameters are also discussed. 
6.3.2.1 Load-deformation curve and flexural strength 
Typical measured load-displacement curves (P-u) of all mixtures are shown in Fig. 6.9 on a 
sample basis for the specimen dimension 40 x 40 x 240 mm³ with a relative notch depth a/d of 
0.25. The load-displacement curves of the other specimen sizes showed a similar progression 
of curvature as shown in Fig. 11.1 to Fig. 11.16, Appendix for mixtures FA-1200-01 and RP-
03-2E. The load-displacement curves of mixture PZ-0899-01 are shown in Section 6.4.2.1 
(Fig. 6.29 to Fig. 6.36) for comparison with the results of the FE analysis. 
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Fig. 6.9 Load-displacement curves from notched 3-point tests. 
The mean of the flexural strength ffl and net flexural strength ffl,net is given in Table 6.4. The 
corresponding relative standard deviations are listed in Table A.10.8, Appendix. 
Table 6.4. Flexural strengths ffl and ffl,net derived from 3-point bend test.  
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) d/b a/d ffl ffl,net ffl ffl,net ffl ffl,net
mm³ - - N/mm² N/mm² N/mm² 
0.00 10.1 - 6.2 - 16.4 - 
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6 Tension (short-term static loads)128
As expected, the values of the notched specimens were always lower than of the non-notched 
specimens. For mixtures PZ-0899-01 (Fig. 6.10) and FA-1200-01 (Fig. 6.11) a slight decrease 
in the net flexural strengths ffl,net with increasing specimen width b was observed for some test 
series, i.e. the beam height d = 20, and 40 mm. For mixture RP-03-2E (Fig. 6.12) there is a 
rather high scatter of results, and no such trend can be stated. No significant influence of the 
specimen width b on the net flexural strength ffl,net was determined, but for both the notched 
and non-notched specimen types a significant decrease in strength with increasing beam depth 
d was observed. This is analysed in more detail with the SEL and MFSL in Section 6.4.1. 
If one assumes LEFM to be applicable, the fracture toughness KIc may be used to predict the 
flexural strength ffl,pred for any beam depth d (Eq. 2.21 and Eq. 2.25). As no constant KIc was 
determined (Table 6.6), the fracture toughness KIc of the largest specimen size 
(40 x 80 x 240 mm³) was used for determination of the flexural strengths ffl,pred as shown in 
Fig. 6.10 to Fig. 6.12. The results show that the prediction of the flexural strengths according 
to LEFM leads to an underestimation of the experimentally determined values of all fine 
grained concrete mixtures. These deviations are most significant for mixture PZ-0899-01, 
followed by mixture FA-1200-01, and least for mixture RP-03-2E. 
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Fig. 6.10. Influence of beam depth d on flexural strength ffl and ffl,net – PZ-0899-01. 
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Fig. 6.12. Influence of beam depth d on flexural strength ffl and ffl,net – RP-03-2E. 
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6 Tension (short-term static loads)130
6.3.2.2 Notch sensitivity 
The notch sensitivity k as given in Table 6.5 was determined according to Eq. 2.28 on basis of 
the experimentally determined flexural strengths of Table 6.4.
Table 6.5. Notch sensitivity k of all fine grained concrete mixtures. 
Specimen dimension Relative notch depth Notch sensitivity k 
b x d x l 1) a/d PZ-0899-01 FA-1200-01 RP-03-2E 
mm³ - - - - 
0.00 1.00 1.00 1.00 
10 x 10 x 60 
0.25 0.91 0.79 0.48 
0.00 1.00 1.00 1.00 
20 x 20 x 120 
0.25 0.70 0.75 0.40 
0.00 1.00 1.00 1.00 
0.25 0.62 0.64 0.43 40 x 40 x 240 
0.50 0.70 0.75 0.49 
0.00 1.00 1.00 1.00 
40 x 80 x 480 
0.25 0.49 0.54 0.35 
1) b – width, d – beam depth, l – length 
An increase of the notch sensitivity k with increasing specimen dimension for a constant 
relative notch depth a/d = 0.25 was observed for all mixtures (Table 6.5). This size 
dependence has also been found by experimental as well as theoretical investigations on 
concrete, mortar and cement paste by [Zie80]. For fine grained concrete this size dependence 
of the ratio ffl,net/ffl may be explained by a less significant strength reduction with increasing 
specimen dimension for the non-notched specimens in comparison with the notched ones. 
For specimens of dimension 40 x 40 x 240 mm³ three different notch depths were 
investigated. The corresponding values of k (Eq. 2.28) are plotted in Fig. 6.13. In addition, 
theoretically predicted values of ktheoret are shown in Fig. 6.13, which were determined 
according to Eq. 2.29. The required input parameter KIc/ffl also shows a size dependence 
corresponding to the results of KIc and ffl (Table 6.4 and Table 6.6). However, for the 
theoretical notch sensitivity ktheoret plotted in Fig. 6.13 the ratio KIc/ffl was derived from the 
results of notched and non-notched specimens of the dimension 40 x 40 x 240 mm³ with a 
relative notch depth a/d of 0.25. 
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0.50 0.70 0.75 0.49 
0.00 1.00 1.00 1.00 
40 x 80 x 480 
0.25 0.49 0.54 0.35 
1) b – width, d – beam depth, l – length 
An increase of the notch sensitivity k with increasing specimen dimension for a constant 
relative notch depth a/d = 0.25 was observed for all mixtures (Table 6.5). This size 
dependence has also been found by experimental as well as theoretical investigations on 
concrete, mortar and cement paste by [Zie80]. For fine grained concrete this size dependence 
of the ratio ffl,net/ffl may be explained by a less significant strength reduction with increasing 
specimen dimension for the non-notched specimens in comparison with the notched ones. 
For specimens of dimension 40 x 40 x 240 mm³ three different notch depths were 
investigated. The corresponding values of k (Eq. 2.28) are plotted in Fig. 6.13. In addition, 
theoretically predicted values of ktheoret are shown in Fig. 6.13, which were determined 
according to Eq. 2.29. The required input parameter KIc/ffl also shows a size dependence 
corresponding to the results of KIc and ffl (Table 6.4 and Table 6.6). However, for the 
theoretical notch sensitivity ktheoret plotted in Fig. 6.13 the ratio KIc/ffl was derived from the 
results of notched and non-notched specimens of the dimension 40 x 40 x 240 mm³ with a 
relative notch depth a/d of 0.25. 
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As discussed in Section 2.4.2.1, the theoretically predicted ktheoret reaches a minimum at a 
relative notch depth a/d of 0.25, while in practical experiments a minimum of k also has been 
observed at other ratios of a/d as shown in Fig. 2.10 [Hig76, Hill77, Gjo77, Sha71]. In the 
case of fine grained concrete the experimentally determined values of k (ratio of ffl,net/ffl)
showed a minimum of k at a relative notch depth a/d = 0.25, according to the theory. This 
justifies a direct comparison of the notch sensitivity ktheoret of these mixtures, but only on a 
qualitative basis as the absolute values of ktheoret strongly depend on the chosen input 
parameters ffl and KIc which themselves show a size dependence. For mixtures PZ-0899-01 
and FA-1200-01 similar notch sensitivities k are determined which are in the range of values 
which also have been obtained for concrete and mortar in other investigations (Fig. 2.10) 
[Hig76, Hill77, Gjo77, Sha71]. Mixture RP-03-2E has a much more significant notch 
sensitivity k which is in the range of cement pastes according to Fig. 2.10. 
The observed notch sensitivity of fine grained concrete does not yet prove the applicability of 
LEFM, even though the notch sensitivity of a material is a required criterion for the 
applicability of LEFM. Hence, in the following sections the applicability of LEFM is further 
investigated by analysing a possible size dependence of the LEFM parameters KIc and GIc, as 
well as comparing the fracture energy release rate GIc with the fracture energy Gf.
6.3.2.3 Fracture toughness and energy release rate 
The fracture toughness KIc was determined according to Eq. 2.21 and Eq. 2.25 for the notched 
specimens using the ultimate load Pmax from the 3-point bend tests as given in Table A.10.9, 
Appendix. Subsequently, the rate of energy release GIc was derived according to Eq. 2.22 
using the Young’s moduli given in Table 6.3. These results are listed in Table 6.6. 
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Table 6.6. Fracture toughness KIc and fracture energy release rate GIc.
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) d/b a/d KIc GIc KIc GIc KIc GIc
mm³ -  N/mm3/2 N/m N/mm3/2 N/m N/mm3/2 N/m 
10 x 10 x 60 1 14.85 6.80 8.17 2.66 12.02 5.16 
10 x 20 x 120 2 14.48 6.47 9.81 3.83 12.38 5.47 
10 x 40 x 240 4 17.47 9.42 9.83 3.85 13.20 6.22 
20 x 20 x 120 1 13.64 5.74 9.14 3.33 10.68 4.07 
20 x 40 x 240 2 16.70 8.61 9.93 3.93 16.73 10.00 
20 x 80 x 480 4 20.47 12.93 12.24 5.97 15.17 8.22 
40 x 40 x 240 1 15.06 7.00 8.86 3.12 13.62 6.63 
40 x 80 x 480 2 
0.25
20.35 12.79 12.52 6.25 19.54 13.64 
1) b – width, d – beam depth, l – length 
For mixtures PZ-0899-01 and RP-03-2E a similar fracture toughness KIc was determined, 
even though the mixtures differ significantly in their flexural strengths ffl of the non-notched 
beams. This may be explained by the more significant notch sensitivity of mixture RP-03-2E 
which leads to similar net flexural strengths ffl,net of the notched beams for both mixtures. The 
lowest KIc and GIc were determined for mixture FA-1200-01. Considering these results of the 
fracture toughness KIc, the highest ultimate loads will be predicted for mixture PZ-0899-01 
before an unstable fracture process is initiated, while the other mixtures offer less resistance to 
unstable crack growth. 
In Fig. 6.14 to Fig. 6.16 the fracture toughness KIc is plotted versus the beam depth d. For 
specimens of the same beam depth d no influence of the specimen width b on the fracture 
toughness KIc was observed. These results are in accordance with the assumptions of LEFM 
which imply that the specimen width b has no influence on the fracture mechanical 
parameters (Section 2.4.2.1). Only the series of mixture RP-03-2E with a specimen width 
d = 20 mm shows some discrepancies to this trend due to a comparably high scatter of results 
(Fig. 6.16). 
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6 Tension (short-term static loads)134
The fracture energy release rate GIc is discussed further in connection with the fracture energy 
Gf in the next Section 6.3.2.4. Furthermore, an increase of the values KIc and GIc instead of a 
stagnation was observed with increasing beam depth d (Fig. 6.14 to Fig. 6.16). According to 
LEFM the fracture toughness KIc and fracture energy release rate GIc are considered as 
material parameters and hence should be constant values. However, as already discussed in 
Section 2.4.2.1, for heterogeneous materials such as concrete a size dependence of these 
parameters has been observed [Mec00]. Consequently, these findings of the experimental 
investigations lead to the conclusion that LEFM is not applicable for fine grained concrete. 
6.3.2.4 Fracture energy and characteristic length 
The fracture energy Gf was derived from the load-displacement curves. The dead load of the 
tested beams, which contributes to the overall load and thus influences the fracture energy, 
was taken into account according to [Pet81] as described in Section 2.4.3.2. The fracture 
energy Gf determined in this way is given in Table 6.7. The corresponding relative standard 
deviations are listed in Table A.10.9, Appendix. Furthermore, the characteristic length lch was 
determined according to Eq. 2.31 using the tensile strength ft, Young’s modulus Et
(Table 6.3), and fracture energy Gf (Table 6.7) as input parameters. 
Table 6.7. Fracture energy Gf and characteristic length lch.
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) d/b a/d Gf lch Gf lch Gf lch
mm³ - - N/m mm N/m mm N/m mm 
10 x 10 x 60 1 46.9 94.9 30.4 80.8 15.5 17.7 
10 x 20 x 120 2 41.5 84.1 25.3 67.5 18.5 21.1 
10 x 40 x 240 4 40.1 81.3 22.2 59.1 16.3 18.6 
20 x 20 x 120 1 53.1 107.4 22.3 59.3 12.9 14.8 
20 x 40 x 240 2 50.7 102.7 27.6 73.5 16.5 18.8 
20 x 80 x 480 4 35.1 71.1 25.1 66.8 16.0 18.3 
40 x 40 x 240 1 40.1 81.1 30.5 81.1 16.3 18.6 
40 x 80 x 480 2 32.0 64.8 27.3 72.6 16.3 18.6 
Mean value2) - 
0.25
42.4 85.9 26.3 70.1 16.0 18.3 
1) b - width, d – beam depth, l – length 
In Fig. 6.17 to Fig. 6.19 the fracture energy Gf is plotted versus the beam depth d for all 
mixtures. The fracture energy Gf was determined in a range of 32.0 to 53.1 N/m for mixture 
PZ-0899-01, 22.2 to 30.5 N/m for mixture FA-1200-01, and 12.9 to 18.5 N/m for mixture RP-
03-2E. The widest range of the fracture energy Gf was observed for mixture PZ-0899-01, 
where the specimen series of a width b = 20 mm showed a rather unexpected high fracture 
energy Gf. As these test series neither showed an extraordinary high scatter of results 
(Table A.10.9, Appendix) nor any instabilities during testing, no explanation for these high 
fracture energies can be given. 
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material parameters and hence should be constant values. However, as already discussed in 
Section 2.4.2.1, for heterogeneous materials such as concrete a size dependence of these 
parameters has been observed [Mec00]. Consequently, these findings of the experimental 
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The fracture energy Gf was derived from the load-displacement curves. The dead load of the 
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b x d x l 1) d/b a/d Gf lch Gf lch Gf lch
mm³ - - N/m mm N/m mm N/m mm 
10 x 10 x 60 1 46.9 94.9 30.4 80.8 15.5 17.7 
10 x 20 x 120 2 41.5 84.1 25.3 67.5 18.5 21.1 
10 x 40 x 240 4 40.1 81.3 22.2 59.1 16.3 18.6 
20 x 20 x 120 1 53.1 107.4 22.3 59.3 12.9 14.8 
20 x 40 x 240 2 50.7 102.7 27.6 73.5 16.5 18.8 
20 x 80 x 480 4 35.1 71.1 25.1 66.8 16.0 18.3 
40 x 40 x 240 1 40.1 81.1 30.5 81.1 16.3 18.6 
40 x 80 x 480 2 32.0 64.8 27.3 72.6 16.3 18.6 
Mean value2) - 
0.25
42.4 85.9 26.3 70.1 16.0 18.3 
1) b - width, d – beam depth, l – length 
In Fig. 6.17 to Fig. 6.19 the fracture energy Gf is plotted versus the beam depth d for all 
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PZ-0899-01, 22.2 to 30.5 N/m for mixture FA-1200-01, and 12.9 to 18.5 N/m for mixture RP-
03-2E. The widest range of the fracture energy Gf was observed for mixture PZ-0899-01, 
where the specimen series of a width b = 20 mm showed a rather unexpected high fracture 
energy Gf. As these test series neither showed an extraordinary high scatter of results 
(Table A.10.9, Appendix) nor any instabilities during testing, no explanation for these high 
fracture energies can be given. 
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In Fig. 6.17 to Fig. 6.19 the fracture energy Gf is plotted versus the beam depth d for all 
mixtures. The fracture energy Gf was determined in a range of 32.0 to 53.1 N/m for mixture 
PZ-0899-01, 22.2 to 30.5 N/m for mixture FA-1200-01, and 12.9 to 18.5 N/m for mixture RP-
03-2E. The widest range of the fracture energy Gf was observed for mixture PZ-0899-01, 
where the specimen series of a width b = 20 mm showed a rather unexpected high fracture 
energy Gf. As these test series neither showed an extraordinary high scatter of results 
(Table A.10.9, Appendix) nor any instabilities during testing, no explanation for these high 
fracture energies can be given. 
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In Fig. 6.17 to Fig. 6.19 the fracture energy Gf is plotted versus the beam depth d for all 
mixtures. The fracture energy Gf was determined in a range of 32.0 to 53.1 N/m for mixture 
PZ-0899-01, 22.2 to 30.5 N/m for mixture FA-1200-01, and 12.9 to 18.5 N/m for mixture RP-
03-2E. The widest range of the fracture energy Gf was observed for mixture PZ-0899-01, 
where the specimen series of a width b = 20 mm showed a rather unexpected high fracture 
energy Gf. As these test series neither showed an extraordinary high scatter of results 
(Table A.10.9, Appendix) nor any instabilities during testing, no explanation for these high 
fracture energies can be given. 
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As already discussed in Section 2.4.3.2, a slight increase in fracture energy with increasing 
beam depths has been observed for ordinary concrete due to different effects e.g. a higher 
energy dissipation by a more extended formation of the fracture zone (i.e. the more space is 
given for (complete) extension of the fracture zone, the more energy is consumed). This 
tendency was not verified by the experimental results of the fine grained concrete specimens. 
For all mixtures no significant influence of beam depth d or specimen width b on fracture 
energy was determined within the scatter of results. Consequently, the fracture energy was 
considered as a material parameter in this study. The mean fracture energies were derived 
from all specimen sizes as given in Table 6.7, i.e. 42.4 N/m for mixture PZ-0899-01, 
26.3 N/m for mixture FA-1200-01, and 16.0 N/m for mixture RP-03-2E.  
Mixture PZ-0899-01 with a lower w/beff and higher strengths in comparison with mixture FA-
1200-01 showed a higher fracture energy Gf. This corresponds to results obtained for ordinary 
concrete, where an increasing fracture energy with increasing strength has been observed, e.g. 
[Mec00]. Assuming a similar fracture behaviour, this may simply be explained with the 
higher load levels, which lead to a larger area under the load-displacement curves and hence a 
higher fracture energy. In contrast to the observations of ordinary concrete with an increase in 
fracture energy with increasing strength, the fine grained concrete RP-03-2E showed the 
lowest fracture energy even though the highest strengths were determined. This clearly 
indicates a different fracture behaviour with less energy consuming processes.  
Any influences on the fracture energy due to the ligament height with a more extended FPZ 
with higher energy dissipation for larger beams, the approximation of the dead weight portion 
of the fracture energy, or micro-cracking caused by drying and shrinkage processes during 
specimen preparation and testing as discussed in Section 2.4.3.2, may not be differentiated 
within the scatter of results as no significant tendencies could be found. 
In comparison to mixture PZ-0899-01 with a mean characteristic length lch of 85.9 mm, 
mixture RP-03-2E showed the smallest characteristic length lch of 18.3 mm (Table 6.3) due to 
a smaller fracture energy Gf and Young’s modulus Et, but higher tensile strength ft. This 
corresponds to the observed significant notch sensitivity, and low fracture energy Gf, all of 
which indicate a less ductile fracture behaviour in comparison with the other mixtures. 
Mixtures PZ-0899-01 and FA-1200-0 have a similar tensile strength ft, but the lower fracture 
energy Gf and Young’s modulus Et of mixture FA-1200-01 lead to a smaller mean 
characteristic length lch of 70.1 mm. This indicates a less ductile behaviour in comparison 
with mixture PZ-0899-01, but still more ductile than mixture RP-03-2E. The more or less 
ductile fracture behaviour will be further discussed in Section 6.4.2.4, considering also the 
softening relations ?-w of the fine grained concrete mixtures. 
Together with the fracture energy Gf the fracture energy release rate GIc (Table 6.6) is shown 
in Fig. 6.17 to Fig. 6.19. As discussed in Section 2.4.2.1, according to LEFM the fracture 
energy release rate GIc represents a material constant and is in theory independent of 
geometrical parameters. However, the experimental results showed an increase of the fracture 
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energy release rate GIc with increasing beam depth. Furthermore, according to LEFM 
theoretically the fracture energy release rate GIc equals the fracture energy Gf as discussed in 
Section 2.4.2.1. Fig. 6.17 to Fig. 6.19 do not show such a congruence, but large deviations 
between these parameters were found. For mixtures PZ-0899-01 and FA-1200-01 the fracture 
energy release rate GIc was much lower than the fracture energy Gf. Only the largest specimen 
size (40 x 80 x 480 mm³) of mixture RP-03-2E approached the fracture energy Gf (Fig. 6.19). 
This may be explained in terms of this mixture showing the least ductile fracture behaviour 
expressed by a characteristic length lch of 18.3 mm (mean of Table 6.7). According to [Hil81] 
LEFM may be applied for a beam depth d of 5?lch and the considered beam depth of d of 
80 mm approaches this value (here: d ? 4?lch). This means, that the fracture zone as 
represented by the characteristic length lch already becomes small in comparison with the 
considered beam depth.  
Summarising these results of the fracture energy release rate GIc in comparison with the 
fracture energy Gf, once more the applicability of LEFM cannot be proved to for fine grained 
concrete due to the size dependence of GIc and the non-conformity of the fracture energy 
release rate GIc and the fracture energy Gf.
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Fig. 6.17. Fracture energy Gf and fracture energy release rate GIc vs. beam depth d – PZ-0899-01. 
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Fig. 6.18. Fracture energy Gf and fracture energy release rate GIc vs. beam depth d – FA-1200-01. 
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6.4 Evaluation of test results 
6.4.1 Size effect analysis 
The influence of the beam depth on the fracture mechanical parameters was already discussed 
in Section 6.3.2. Within this section, however, the size effect analysis usually carried out for 
notched beams concentrates on the influence of the beam depth (dimension d) on the net 
flexural strength ffl,net of the fine grained concrete mixtures. The net flexural strength ffl,net
(Table 6.4) was analysed with the SEL according to Bazant (Eq. 2.40) and MFSL according 
to Carpinteri (Eq. 2.42). The model constants Bft and D0 (SEL), and the constants A and B 
(MFSL), were derived by fitting the experimental data using the least squares method in the 
same way as described in Section 4.4.3. As the size effect laws require the testing of a size 
range of at least 1:4 the model constants were derived separately for specimens of width 
b = 10, and 20 mm, but specimens with the width b = 40 mm were not considered as only a 
size range of 1:2 was given. All model constants are listed in Table 6.8.
Table 6.8. Model parameters of SEL and MFSL – notched 3-point bend tests. 
Mixture Specimen width SEL MFSL 
 b Bft DO A B lch
MFSL ffl
MFSL
 mm - - - - mm N/mm² 
10 18.80 4.88 10.63 721.00 67.8 3.3 
PZ-0899-01 
20 7.25 45.34 14.21 465.00 32.7 3.8 
10 6.82 11.42 5.79 197.73 34.1 2.4 
FA-1200-01 
20 5.07 27.29 4.22 218.71 51.9 2.1 
10 19.98 1.78 3.70 564.42 152.6 1.9 
RP-03-2E
20 6.23 48.25 11.46 325.02 28.4 3.4 
The derived curves of the SEL, and the MFSL, and the mean net flexural strength ffl,net are 
plotted in Fig. 6.20 to Fig. 6.25 for the different data sets and mixtures. For a better 
comparison of the different mixtures the normalised net flexural strengths ffl,net are given for 
each data set on the left of Fig. 6.20 to Fig. 6.25 relating the net flexural strengths to the 
specimens with the smallest ratio d/b = 1 (quadratic cross-section). The effective net flexural 
strengths ffl,net are given on the right of the same figures. 
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Fig. 6.20. SEL [Baz98] and MFSL [Car99] – specimen width b = 10 mm, cross-sections 10 x 10, 
10 x 20, and 10 x 40 mm² - PZ-0899-01. 
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Fig. 6.21. SEL [Baz98] and MFSL [Car99] – specimen width b = 20 mm, cross-sections 20 x 20, 
20 x 40, and 20 x 80 mm² - PZ-0899-01. 
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Fig. 6.22. SEL [Baz98] and MFSL [Car99] – specimen width b = 10 mm, cross-sections 10 x 10, 
10 x 20, and 10 x 40 mm² - FA-1200-01. 
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Fig. 6.23. SEL [Baz98] and MFSL [Car99] – specimen width b = 20 mm, cross-sections 20 x 20, 
20 x 40, and 20 x 80 mm² - FA-1200-01. 
? Mixture RP-03-2E 
Normalised ffl,net
0.4
0.8
1.2
1 10 100 1000
Dimension d in mm
SEL
MFSL
RP-03-2E
width b = 10 mm
Flexural strength ffl,net in N/mm²
1
10
100
1 10 100 1000 10000
Dimension d in mm
SEL
MFSL
RP-03-2E
width b = 10 mm
Fig. 6.24. SEL [Baz98] and MFSL [Car99] – specimen width b = 10 mm, cross-sections 10 x 10, 
10 x 20, and 10 x 40 mm² - RP-03-2E. 
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Fig. 6.25. SEL [Baz98] and MFSL [Car99] – specimen width b = 20 mm, cross-sections 20 x 20, 
20 x 40, and 20 x 80 mm² - RP-03-2E. 
The plots on the left of Fig. 6.20 to Fig. 6.25, which present the normalised net flexural 
strengths in a half-logarithmic scale, represent the scatter of the experimental results much 
better than the bi-logarithmic plots on the right. The scatter of results was considered low with 
relative standard deviations < 12 % for all test series (Table A.10.8, Appendix). 
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strengths in a half-logarithmic scale, represent the scatter of the experimental results much 
better than the bi-logarithmic plots on the right. The scatter of results was considered low with 
relative standard deviations < 12 % for all test series (Table A.10.8, Appendix). 
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Fig. 6.20 to Fig. 6.25 show specimen series which can be best described by the MFSL 
(Fig. 6.23) while others are better described by the SEL (Fig. 6.21). Hence, all results are in a 
size range, where both models apply sufficiently well. This has already been found to be the 
case for the size effect analysis of the compressive strengths (Section 4.4.3), but in contrast to 
the results for compression, where no significant size effects could be determined, a 
significant strength reduction with increasing beam depth d was found for the net flexural 
strength of notched specimens. 
According to the SEL by Bazant [Baz98] a further significant strength reduction is expected 
for larger beam depths, while for smaller beam depths an increase in strength is expected up 
to a certain maximum net flexural strength.  
However, although the test series were carried out with one material, the predicted ultimate 
net flexural strength varied significantly for different data sets. For example, for mixture PZ-
0899-01 and specimens of the width b = 10 mm a maximum net flexural strength ffl,net of 
14.8 N/mm² was predicted for a (theoretical) specimen dimension d = 1 mm (Fig. 6.20), while 
for the specimen width b = 20 mm a much lower ultimate net flexural strength ffl,net
of 7.2 N/mm² was predicted (Fig. 6.21). These results indicate that there is a significant 
dependence of the strength prediction on the experimental values and also scatter between 
different testing series caused by the heterogeneity of the material as well as influences of the 
testing conditions. 
In contrast to the SEL by Bazant [Baz84], according to the MFSL by Carpinteri [Car99] in 
theory an unlimited increase in strength for small beam depths is predicted, while for larger 
beam depths a strength reduction is expected which approaches a limiting value of the net 
flexural strength ffl
MFSL. This value also varies for the different data sets, even though the tests 
were carried out using only one material. This again shows the dependence on experimental 
results. The predicted minimum net flexural strengths ffl
MFSL were determined as 3.3 to 
3.8 N/mm² for mixture PZ-0899-01, 2.1 to 2.4 N/mm² for mixture FA-1200-01, and 1.9 to 
3.4 N/mm² for mixture RP-03-2E (Table 6.8). As already explained in Section 4.4.3 the 
predicted minimum net flexural strength of the small-sized specimens appears to be very 
theoretical, because such small specimens can hardly be produced and tested. Hence, the SEL 
by Bazant seems more appropriate for the strength prediction of small-sized specimens. 
According to the above discussed results a significant size dependence of the net flexural 
strength was determined for all mixtures. In addition, just as for compression, possible 
strength reducing influences due to the testing procedure were assumed small, even though 
there might have proceeded inevitable drying processes and micro-cracking during specimen 
preparation and testing, causing strength reductions which cannot be quantified within the 
framework of this study. 
For dimensioning the flexural strength of non-notched specimens is required, which shows a 
different size dependence in comparison with the net flexural strength of notched specimens 
(Section 2.5.6). A rather complex analytical approach to determine these size effects has been 
6.4 Evaluation of test results 141
Fig. 6.20 to Fig. 6.25 show specimen series which can be best described by the MFSL 
(Fig. 6.23) while others are better described by the SEL (Fig. 6.21). Hence, all results are in a 
size range, where both models apply sufficiently well. This has already been found to be the 
case for the size effect analysis of the compressive strengths (Section 4.4.3), but in contrast to 
the results for compression, where no significant size effects could be determined, a 
significant strength reduction with increasing beam depth d was found for the net flexural 
strength of notched specimens. 
According to the SEL by Bazant [Baz98] a further significant strength reduction is expected 
for larger beam depths, while for smaller beam depths an increase in strength is expected up 
to a certain maximum net flexural strength.  
However, although the test series were carried out with one material, the predicted ultimate 
net flexural strength varied significantly for different data sets. For example, for mixture PZ-
0899-01 and specimens of the width b = 10 mm a maximum net flexural strength ffl,net of 
14.8 N/mm² was predicted for a (theoretical) specimen dimension d = 1 mm (Fig. 6.20), while 
for the specimen width b = 20 mm a much lower ultimate net flexural strength ffl,net
of 7.2 N/mm² was predicted (Fig. 6.21). These results indicate that there is a significant 
dependence of the strength prediction on the experimental values and also scatter between 
different testing series caused by the heterogeneity of the material as well as influences of the 
testing conditions. 
In contrast to the SEL by Bazant [Baz84], according to the MFSL by Carpinteri [Car99] in 
theory an unlimited increase in strength for small beam depths is predicted, while for larger 
beam depths a strength reduction is expected which approaches a limiting value of the net 
flexural strength ffl
MFSL. This value also varies for the different data sets, even though the tests 
were carried out using only one material. This again shows the dependence on experimental 
results. The predicted minimum net flexural strengths ffl
MFSL were determined as 3.3 to 
3.8 N/mm² for mixture PZ-0899-01, 2.1 to 2.4 N/mm² for mixture FA-1200-01, and 1.9 to 
3.4 N/mm² for mixture RP-03-2E (Table 6.8). As already explained in Section 4.4.3 the 
predicted minimum net flexural strength of the small-sized specimens appears to be very 
theoretical, because such small specimens can hardly be produced and tested. Hence, the SEL 
by Bazant seems more appropriate for the strength prediction of small-sized specimens. 
According to the above discussed results a significant size dependence of the net flexural 
strength was determined for all mixtures. In addition, just as for compression, possible 
strength reducing influences due to the testing procedure were assumed small, even though 
there might have proceeded inevitable drying processes and micro-cracking during specimen 
preparation and testing, causing strength reductions which cannot be quantified within the 
framework of this study. 
For dimensioning the flexural strength of non-notched specimens is required, which shows a 
different size dependence in comparison with the net flexural strength of notched specimens 
(Section 2.5.6). A rather complex analytical approach to determine these size effects has been 
6.4 Evaluation of test results 141
Fig. 6.20 to Fig. 6.25 show specimen series which can be best described by the MFSL 
(Fig. 6.23) while others are better described by the SEL (Fig. 6.21). Hence, all results are in a 
size range, where both models apply sufficiently well. This has already been found to be the 
case for the size effect analysis of the compressive strengths (Section 4.4.3), but in contrast to 
the results for compression, where no significant size effects could be determined, a 
significant strength reduction with increasing beam depth d was found for the net flexural 
strength of notched specimens. 
According to the SEL by Bazant [Baz98] a further significant strength reduction is expected 
for larger beam depths, while for smaller beam depths an increase in strength is expected up 
to a certain maximum net flexural strength.  
However, although the test series were carried out with one material, the predicted ultimate 
net flexural strength varied significantly for different data sets. For example, for mixture PZ-
0899-01 and specimens of the width b = 10 mm a maximum net flexural strength ffl,net of 
14.8 N/mm² was predicted for a (theoretical) specimen dimension d = 1 mm (Fig. 6.20), while 
for the specimen width b = 20 mm a much lower ultimate net flexural strength ffl,net
of 7.2 N/mm² was predicted (Fig. 6.21). These results indicate that there is a significant 
dependence of the strength prediction on the experimental values and also scatter between 
different testing series caused by the heterogeneity of the material as well as influences of the 
testing conditions. 
In contrast to the SEL by Bazant [Baz84], according to the MFSL by Carpinteri [Car99] in 
theory an unlimited increase in strength for small beam depths is predicted, while for larger 
beam depths a strength reduction is expected which approaches a limiting value of the net 
flexural strength ffl
MFSL. This value also varies for the different data sets, even though the tests 
were carried out using only one material. This again shows the dependence on experimental 
results. The predicted minimum net flexural strengths ffl
MFSL were determined as 3.3 to 
3.8 N/mm² for mixture PZ-0899-01, 2.1 to 2.4 N/mm² for mixture FA-1200-01, and 1.9 to 
3.4 N/mm² for mixture RP-03-2E (Table 6.8). As already explained in Section 4.4.3 the 
predicted minimum net flexural strength of the small-sized specimens appears to be very 
theoretical, because such small specimens can hardly be produced and tested. Hence, the SEL 
by Bazant seems more appropriate for the strength prediction of small-sized specimens. 
According to the above discussed results a significant size dependence of the net flexural 
strength was determined for all mixtures. In addition, just as for compression, possible 
strength reducing influences due to the testing procedure were assumed small, even though 
there might have proceeded inevitable drying processes and micro-cracking during specimen 
preparation and testing, causing strength reductions which cannot be quantified within the 
framework of this study. 
For dimensioning the flexural strength of non-notched specimens is required, which shows a 
different size dependence in comparison with the net flexural strength of notched specimens 
(Section 2.5.6). A rather complex analytical approach to determine these size effects has been 
6.4 Evaluation of test results 141
Fig. 6.20 to Fig. 6.25 show specimen series which can be best described by the MFSL 
(Fig. 6.23) while others are better described by the SEL (Fig. 6.21). Hence, all results are in a 
size range, where both models apply sufficiently well. This has already been found to be the 
case for the size effect analysis of the compressive strengths (Section 4.4.3), but in contrast to 
the results for compression, where no significant size effects could be determined, a 
significant strength reduction with increasing beam depth d was found for the net flexural 
strength of notched specimens. 
According to the SEL by Bazant [Baz98] a further significant strength reduction is expected 
for larger beam depths, while for smaller beam depths an increase in strength is expected up 
to a certain maximum net flexural strength.  
However, although the test series were carried out with one material, the predicted ultimate 
net flexural strength varied significantly for different data sets. For example, for mixture PZ-
0899-01 and specimens of the width b = 10 mm a maximum net flexural strength ffl,net of 
14.8 N/mm² was predicted for a (theoretical) specimen dimension d = 1 mm (Fig. 6.20), while 
for the specimen width b = 20 mm a much lower ultimate net flexural strength ffl,net
of 7.2 N/mm² was predicted (Fig. 6.21). These results indicate that there is a significant 
dependence of the strength prediction on the experimental values and also scatter between 
different testing series caused by the heterogeneity of the material as well as influences of the 
testing conditions. 
In contrast to the SEL by Bazant [Baz84], according to the MFSL by Carpinteri [Car99] in 
theory an unlimited increase in strength for small beam depths is predicted, while for larger 
beam depths a strength reduction is expected which approaches a limiting value of the net 
flexural strength ffl
MFSL. This value also varies for the different data sets, even though the tests 
were carried out using only one material. This again shows the dependence on experimental 
results. The predicted minimum net flexural strengths ffl
MFSL were determined as 3.3 to 
3.8 N/mm² for mixture PZ-0899-01, 2.1 to 2.4 N/mm² for mixture FA-1200-01, and 1.9 to 
3.4 N/mm² for mixture RP-03-2E (Table 6.8). As already explained in Section 4.4.3 the 
predicted minimum net flexural strength of the small-sized specimens appears to be very 
theoretical, because such small specimens can hardly be produced and tested. Hence, the SEL 
by Bazant seems more appropriate for the strength prediction of small-sized specimens. 
According to the above discussed results a significant size dependence of the net flexural 
strength was determined for all mixtures. In addition, just as for compression, possible 
strength reducing influences due to the testing procedure were assumed small, even though 
there might have proceeded inevitable drying processes and micro-cracking during specimen 
preparation and testing, causing strength reductions which cannot be quantified within the 
framework of this study. 
For dimensioning the flexural strength of non-notched specimens is required, which shows a 
different size dependence in comparison with the net flexural strength of notched specimens 
(Section 2.5.6). A rather complex analytical approach to determine these size effects has been 
6 Tension (short-term static loads)142
proposed by [Baz98]. However, these size effects can be evaluated with the fictitious crack 
model by means of FE analysis as discussed in Section 6.4.2.1. In any case, the size effects of 
the flexural strength (of non-notched specimens) should be taken into account for 
dimensioning TRC structures. 
6.4.2 ?-w curves from notched 3-point bend test  
6.4.2.1 Finite element analysis 
The softening behaviour represented by a multi-linear ?-w curve was derived by numerical 
analysis with the FE programme DIANA? as described in Section 6.2.4. For mixture PZ-
0899-01 the ?-w curves were determined for all specimen sizes (Fig. 6.26), while for mixture 
FA-1200-01 and RP-03-2E the ?-w curves were derived only for selected specimen sizes 
(Fig. 6.27 and Fig. 6.28) in order to reduce the amount of calculations. Seeing that a further 
five different specimen sizes were investigated, it seemed appropriate to investigate possible 
size effects. 
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Fig. 6.26. ?-w curves derived for all specimen sizes by FE analysis – PZ-0899-01. 
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Fig. 6.27. ?-w curves derived for selected specimen sizes by FE analysis – FA-1200-01. 
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Fig. 6.28. ?-w curves derived for selected specimen sizes by FE analysis – RP-03-2E. 
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Fig. 6.28. ?-w curves derived for selected specimen sizes by FE analysis – RP-03-2E. 
6 Tension (short-term static loads)144
The ?-w relations show a certain scatter which can possibly explained by the range of the 
experimentally determined load-displacement curves used as the basis for the fitting 
procedure within FE analysis. A further explanation are the variations of the tensile strength 
ft, fracture energy Gf, and coefficient of curvature f in the optimisation routine within the 
previously defined limits (Table 6.2).  
The mean fracture energy Gf,FE derived from the multi-linear ?-w curve (Fig. 6.48 to 
Fig. 6.50) was determined as 43.2 N/m for mixture PZ-0899-01, 26.3 N/m for mixture FA-
1200-01, and 17.5 N/m for mixture RP-03-2E. These values approached the mean fracture 
energies Gf from the 3-point bend tests (Table 6.7) with deviations below 5 %. The fracture 
energies of all specimen sizes and mixtures are listed in Table A.10.10, Appendix. The 
influence of the scatter of the found multi-linear ?-w curves on the subsequently derived P-u 
curves by means of FE analysis was investigated on a sample basis for mixture PZ-0899-01. 
For this mixture the largest deviations of the ?-w curves were found for the specimen 
dimensions 20 x 40 x 240 mm³ and 40 x 80 x 480 mm³ (Fig. 6.26). Hence the P-u curves of 
the specimen size 20 x 40 x 240 mm³, which was randomised as an example, was derived 
applying both multi-linear ?-w curves as well as a representative mean curve. The range of 
possible found P-u curves due to the scatter of ?-w curves is shown by the grey shade in 
Fig. 6.33. Nonetheless, no significant trend or influence of the specimen dimensions, i.e. the 
beam height d or beam depth b, on the shape of the ?-w curves has been observed. For this 
reason the derivation of a representative mean softening curve for each mixture seems 
appropriate. These mean ?-w curves are shown in Fig. 6.48 to Fig. 6.50 together with the 
mean ?-w curves as derived with the analytical model. The corresponding sampling points of 
the tensile stresses and crack widths (?i, wi) are listed in Table 6.11. 
The representative ?-w curves of the mixtures derived by FE analysis (Table 6.11) were in 
turn used for the subsequent numerical derivation of the load-displacement curves for the 
different specimen sizes, which were then compared with the experimental curves of the 3-
point bend tests. The results of mixture PZ-0899-01 are plotted in Fig. 6.29 to Fig. 6.36 and 
show that, as expected, for most investigated specimen dimensions a very good congruence 
between the experimentally and numerically derived results was obtained. The results of 
mixture FA-1200-01 and RP-03-2E are shown in Fig. 11.1 to Fig. 11.16, Appendix. 
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Fig. 6.30. Experimentally and numerically derived load-displacement curves, specimen dimension 
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Fig. 6.33. Experimentally and numerically derived load-displacement curves, specimen dimension 
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20 x 80 x 480 mm³ – PZ-0899-01. 
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Fig. 6.35. Experimentally, numerically, and analytically derived load-displacement curves, 
specimen dimension 40 x 40 x 240 mm³ – PZ-0899-01. 
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Fig. 6.36. Experimentally and numerically derived load-displacement curves, specimen dimension 
40 x 80 x 480 mm³ – PZ-0899-01.
The applicability of one ?-w relation to the calculation of the P-u curves of different specimen 
dimensions is a verification of the material relations determined. It further shows that no 
significant size effects can be observed. Hence, within the scatter of results the tensile 
strength ft and the obtained ?-w curves of the fine grained concrete may be considered as 
characteristic material parameters. In Fig. 6.53 the mean ?-w curve derived by FE analysis for 
the standard mixture PZ-0899-01 is given, which can be used for further analysis, i.e. building 
member design with FE methods. The corresponding sampling points (?i, wi) are given in 
Table 6.11. 
Size effect according to the FCM 
With the aim of investigating the strength prediction of the net flexural strength ffl,net (notched 
specimens) according to the FCM, within this study, additional FE analysis was carried out 
for theoretical specimen dimensions d of 0.4 to 4000 mm. From the calculated ultimate load 
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6 Tension (short-term static loads)148
Psim of the modelled notched 3-point bend specimens, subsequently the net flexural strength 
ffl,net was derived by Eq. 6.1. These results show a significant size effect and are plotted in 
Fig. 6.37 together with the experimental results and predicted flexural strengths ffl,net
according to the SEL [Baz84], which have already been discussed in Section 6.4.1. The size 
effects according to the FCM show a good congruence with the experimental results.  
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Fig. 6.37. Size effect according to the FCM by means of FE analysis. 
Within this study the ratio of mid span ls to dimension d (beam depth) was kept constant with 
ls/d = 5 as well as the ratio of the ligament height dlig to dimension d (beam depth) as 
dlig/d = 0.75, hence Eq. 6.1 may be rewritten as  
db
P
db
dP
f netfl ?
??
?
? max
2
max
, 33.13
)75.0(2
53
 (6.6) 
From FE analysis the relation between the width independent ultimate load Pmax,FE/b of the 3-
point bend test and the specimen dimension d can be plotted as shown in Fig. 6.38. This 
numerical derived relation can be fitted with a mathematical function of the form 
dA
dB
b
P FE
?
??max,  (6.7) 
with A = 70.22 and B = 4.18, and shows a correlation coefficient of approximately 1. 
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Fig. 6.38 Ratio of the ultimate load to specimen width Pmax,FE /b vs. specimen dimension d (i) from 
FE analysis and (ii) mathematical approximation. 
Substituting Eq. 6.7 in Eq. 6.6 yields 
dA
B
f netfl ?
?? 33.13,  (6.8) 
Eq. 6.8 follows a similar progression as the SEL by Bazant, and hence, for small sizes d ? 0 
the predicted strength approximates an ultimate net flexural strength, while for large 
specimens or structures d ?? the strength will decrease as indicated in Fig. 6.37 
approaching the scope of application of LEFM. Still, according to the FCM in comparison 
with Bazant’s SEL slightly lower net flexural strengths ffl,net are predicted for very small 
specimens, whereas higher values are predicted for very large structures (Fig. 6.37). 
The observed size effect was explained by referring to the non-linear relation of Pmax,FE/b on 
the specimen dimension d which yields Eq. 6.8 with a mathematically expressed size effect 
( 2/1,
?? df netfl ). Consequently the net flexural strength which is derived on basis of these size 
dependent ultimate loads Pmax,FE also shows a size effect. This is caused by the softening 
behaviour with the development of energy consuming micro-cracks (FPZ). This development 
and extension of the FPZ again depends e.g. on the beam depth as well as the ductility of the 
material and hence causes size effects. These influences due to a varying extension of the FPZ 
for different beam depths go down as Pmax. This ultimate load Pmax represents the load bearing 
capacity of the concrete beam under consideration. The subsequent derivation of the net 
flexural strength ffl,net with the linear-elastic approximation of the ?-? state in the ligament, 
(Fig. 6.39 a) which does not regard the softening behaviour, may lead to an underestimation 
of the real stresses within the material (Fig. 6.39 b), and the derived net flexural strengths ffl,net
(Eq. 6.8) may fall below the tensile strength for large specimen dimensions or structures. 
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specimens, whereas higher values are predicted for very large structures (Fig. 6.37). 
The observed size effect was explained by referring to the non-linear relation of Pmax,FE/b on 
the specimen dimension d which yields Eq. 6.8 with a mathematically expressed size effect 
( 2/1,
?? df netfl ). Consequently the net flexural strength which is derived on basis of these size 
dependent ultimate loads Pmax,FE also shows a size effect. This is caused by the softening 
behaviour with the development of energy consuming micro-cracks (FPZ). This development 
and extension of the FPZ again depends e.g. on the beam depth as well as the ductility of the 
material and hence causes size effects. These influences due to a varying extension of the FPZ 
for different beam depths go down as Pmax. This ultimate load Pmax represents the load bearing 
capacity of the concrete beam under consideration. The subsequent derivation of the net 
flexural strength ffl,net with the linear-elastic approximation of the ?-? state in the ligament, 
(Fig. 6.39 a) which does not regard the softening behaviour, may lead to an underestimation 
of the real stresses within the material (Fig. 6.39 b), and the derived net flexural strengths ffl,net
(Eq. 6.8) may fall below the tensile strength for large specimen dimensions or structures. 
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Fig. 6.39. Stress-strain state within ligament of 3-point bend specimen a) according to FCM and b) 
assuming linear-elastic material behaviour. 
The above described considerations refer to the net flexural strength ffl,net of notched concrete 
beams, whereas for dimensioning building members the flexural strength ffl of non-notched 
specimens has to be known and possible size effects have to be considered. The tensile 
strength and the softening behaviour represent constant material characteristics for which no 
size effect was observed. In contrast, the flexural strength ffl shows significant size effects. 
According to the FCM the flexural strength ffl of large non-notched beams will approximate 
the tensile strength ft of the material as explained in detail in [Bra88, Hil83, Pet81], compare 
Fig. 2.18 of Section 2.5.6. Within the framework of this thesis, this is shown by additional FE 
analysis for specimens of dimensions d = 10, 20, 40 and 80 mm considering all concrete 
mixtures. The FE analysis was carried out implementing the multi-linear ?-w relations of the 
mixtures as derived by FE-analysis (Table 6.11). The subsequently derived flexural strengths  
ffl,FE and experimentally determined flexural strengths ffl (Table 6.4) are shown in Fig. 6.40. 
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Fig. 6.40. Strength reduction of the flexural strength ffl for fine grained concrete - experimental 
results and FE analysis. 
Fig. 6.40 shows a good congruence between experimentally and numerically determined 
results for beams with d ? 20 mm. However, for smaller beams boundary effects may 
influence the flexural strength of the investigated matrices. The observed size effects of the 
flexural strength ffl should be taken in full consideration for dimensioning and determination 
of the load-bearing capacity of a beam. As already mentioned in Section 2.5.6 the analytical 
size effect approaches of [Baz98, Pla92, Pla93] for non-notched 3-point bend beams are 
complex. Hence, it is recommended to apply the FCM and FE calculations for structure 
design of TRC. For large structures the flexural strength ffl approximates the tensile strength 
ft. This is shown in Fig. 6.41 where the ratio of the flexural and tensile strength ffl/ft is plotted 
versus the ratio of beam depth and characteristic length d/lch.
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Fig. 6.41. Ratio of flexural and tensile strength ffl/ft vs. ratio of beam depth and characteristic length 
d/lch for fine grained concrete. 
For ordinary concrete in the Model Code 90 [CEB93] based on such results a relation between 
the tensile strength ft and flexural strength ffl has been formulated which takes into 
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For ordinary concrete in the Model Code 90 [CEB93] based on such results a relation between 
the tensile strength ft and flexural strength ffl has been formulated which takes into 
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consideration these size effects. However, as fine grained concrete shows different ratios of 
tensile and flexural strength ffl/ft depending on the mixture design, it is not possible to use the 
formula of the Model Code 90 [CEB93] or to derive an appropriate general formula for fine 
grained concrete. In Table 6.9 the experimentally determined flexural strengths ffl are listed 
for the investigated specimen dimensions in relation to the specimen size 40 x 40 x 240 mm³, 
which is an appropriate size for practical testing. These values give an approximation of the 
expected change in flexural strength due to size effects. They show that for specimens with a 
beam depth d < 40 mm higher flexural strengths may be assumed, while for specimens with 
beam depths > 80 mm the flexural strengths reduce significantly. For these larger specimen 
dimensions the flexural strength ffl approximates the tensile strength ft (Fig. 6.41), which 
consequently should be used for dimensioning of large elements. So far, for a most reliable 
dimensioning of TRC structures, which takes into account size effects on the flexural strength, 
it is recommended to carry out FE analysis applying the FCM. 
Table 6.9. Flexural strength ffl of non-notched 3-point bend beams (experiment) and decrease in 
strength with increasing beam depth. 
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) d/b ffl change in 
strength
ffl change in 
strength
ffl change in 
strength
mm³ - N/mm² - N/mm² -  - 
10 x 10 x 60 10.1 1.36 6.2 1.44 16.4 1.64 
20 x 20 x 120 8.7 1.18 5.2 1.21 12.1 1.21 
40 x 40 x 240 
1
7.4 1.00 4.3 1.00 10.0 1.00 
40 x 80 x 480 2 5.0 0.67 3.4 0.79 5.8 0.58 
1) b – width, d – beam depth, l – length 
6.4.2.2 Video measurements 
By means of the video extensometer the displacements ?li were measured for the measuring 
levels y1 to y11 during a 3-point bend test for a specimen of dimension 40 x 40 x 240 mm³ for 
mixture PZ-0899-01 (compare Fig. 6.3). An example of these continuously measured, and 
subsequently smoothed displacements is shown in Fig. 6.42. Also calculated displacements 
?li,calc (FE analysis) are shown in this figure. The measured displacements ?li of three 
specimens each of mixtures PZ-0899-01, FA-1200-01, and RP-03-2E are shown in Fig. 11.17 
to Fig. 11.25, Appendix. Fig. 6.42 shows that compression strains are measured for the upper 
measuring levels, e.g. y1, while the lower measuring levels, e.g. y11, experience tensile strain 
and crack opening. 
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mixture PZ-0899-01 (compare Fig. 6.3). An example of these continuously measured, and 
subsequently smoothed displacements is shown in Fig. 6.42. Also calculated displacements 
?li,calc (FE analysis) are shown in this figure. The measured displacements ?li of three 
specimens each of mixtures PZ-0899-01, FA-1200-01, and RP-03-2E are shown in Fig. 11.17 
to Fig. 11.25, Appendix. Fig. 6.42 shows that compression strains are measured for the upper 
measuring levels, e.g. y1, while the lower measuring levels, e.g. y11, experience tensile strain 
and crack opening. 
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Fig. 6.42. Displacements ?li measured with a video extensometer and derived by FE analysis, 
specimen dimension 40 x 40 x 240 mm² - PZ-0899-01 (example). 
Fig. 6.43 shows the distribution of the displacements ?li over the ligament height for selected 
load steps according to the above shown experiment. These load steps are given in relation to 
the ultimate load Pmax, and are distinguished as bf = before, and af = after the ultimate load 
Pmax is reached. During testing, with increasing displacements of the mid-section of the beam 
there is a change of the compression and tension zone due to the momentarily state of stresses, 
and hence of the neutral axis ys. By analysing these measured data with the proposed 
analytical model the softening function of the concrete was derived as described in the next 
Section 6.4.2.3. 
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Fig. 6.43. Distribution of ?li over ligament height shown exemplary for selected load steps for a 
specimen of dimension 40 x 40 x 240 mm³ - mixture PZ-0899-01. 
To evaluate the plausibility of results, the measured displacements ?li (video extensometer) 
were compared with calculated displacements ?li,calc (FE analysis) derived at nodes 
representing the measuring points of the video technique according to Fig. 6.44 a. The good 
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Fig. 6.42. Displacements ?li measured with a video extensometer and derived by FE analysis, 
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there is a change of the compression and tension zone due to the momentarily state of stresses, 
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analytical model the softening function of the concrete was derived as described in the next 
Section 6.4.2.3. 
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Fig. 6.42. Displacements ?li measured with a video extensometer and derived by FE analysis, 
specimen dimension 40 x 40 x 240 mm² - PZ-0899-01 (example). 
Fig. 6.43 shows the distribution of the displacements ?li over the ligament height for selected 
load steps according to the above shown experiment. These load steps are given in relation to 
the ultimate load Pmax, and are distinguished as bf = before, and af = after the ultimate load 
Pmax is reached. During testing, with increasing displacements of the mid-section of the beam 
there is a change of the compression and tension zone due to the momentarily state of stresses, 
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Section 6.4.2.3. 
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Fig. 6.42. Displacements ?li measured with a video extensometer and derived by FE analysis, 
specimen dimension 40 x 40 x 240 mm² - PZ-0899-01 (example). 
Fig. 6.43 shows the distribution of the displacements ?li over the ligament height for selected 
load steps according to the above shown experiment. These load steps are given in relation to 
the ultimate load Pmax, and are distinguished as bf = before, and af = after the ultimate load 
Pmax is reached. During testing, with increasing displacements of the mid-section of the beam 
there is a change of the compression and tension zone due to the momentarily state of stresses, 
and hence of the neutral axis ys. By analysing these measured data with the proposed 
analytical model the softening function of the concrete was derived as described in the next 
Section 6.4.2.3. 
Ligament height yi in mm
0
3
6
9
12
15
18
21
24
27
30
-0.01 0.02 0.05 0.08 0.11
Displacement ?li in mm
0.8 Pmax bf
Pmax
0.6 Pmax af
0.4 Pmax af
0.2 Pmax af
0.1 Pmax af
.  max bf
max 
.  ax af
.  ax af
0.2 P ax af
0.1 P ax af
bf - before reaching Pmax
af - after reaching Pmax
Fig. 6.43. Distribution of ?li over ligament height shown exemplary for selected load steps for a 
specimen of dimension 40 x 40 x 240 mm³ - mixture PZ-0899-01. 
To evaluate the plausibility of results, the measured displacements ?li (video extensometer) 
were compared with calculated displacements ?li,calc (FE analysis) derived at nodes 
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congruence of the calculated and measured displacements within the accuracy limits of the 
video measuring technique is shown in Fig. 6.42. 
6.4.2.3 Analytical analysis 
The idea and principle of the analytical model is described in Section 6.2.5. With the 
objective of investigating the plausibility of this analytical model calculated displacements 
?li,calc were derived by means of FE analysis as explained in Section 6.4.2.2. These 
numerically obtained data were used instead of the experimental values for calculations 
according to the analytical model, and a ?-w curve was derived. In the ideal case, the solution 
of the analytical model represents the ?-w curve as implemented within the used FE 
calculations (Fig. 6.44 b). However, within the calculation routine of the analytical model a 
problem arises from the step-by-step determination of the softening curve. For the 
determination of a further point ?nT+1 for a load step T+1 (Fig. 6.7), all previously identified 
linear parts of the ?-?l relation are needed. This means that possible errors made during the 
evaluation of ?nT+1 at this or any previous load step of the 3-point bend test do sum up or even 
potentially increase, which results in oscillation effects, and in the worst case, in a non-
converging calculation. See Fig. 6.44 b for an example. This phenomenon has previously been 
observed in many cases of similar calculation routines and for different applications, e.g. 
[Ban05]. For a general overview of inverse problems in engineering mechanics see [Tan98, 
Tan00]. To minimise the influence of this error propagation certain features and regularisation 
methods have been implemented in the calculation solution routine of the presented work. 
Among other things, a regularisation method following [Lam00] is used to suppress the 
aforementioned oscillation effects. This procedure introduces a certain collocation point in a 
chosen interval and seeks a new solution according to the above described solution routine. 
An averaging technique is utilised to evaluate a new ?nT+1 closer to the appropriate ?-w 
relation, and thus the error magnification is suppressed to a considerable degree. 
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Fig. 6.44. a) Ligament surface of the modelled 3-point bend specimen. 
b) Analytically derived ?-w curves in comparison with FE analysis - PZ-0899-01 
(example). 
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6.4 Evaluation of test results 155
As already mentioned, for the video measuring technique a measuring length lm = 20 mm was 
chosen, but within this measuring length elastic deformations might influence the results of 
the subsequently derived ?-w curves. In order to investigate the influence of these elastic 
deformations, from the above described FE analysis the calculated displacements ?li,calc were 
not only taken from the nodes with a distance lm = 20 mm, but also with 2 and 10 mm 
according to Fig. 6.44 a. For all three cases the calculated displacements ?li,calc were taken as 
input parameters for the analytical model, but no significant deviations were found between 
all the derived ?-w curves (Fig. 6.44 b). Thus, the assumption of negligible elastic 
deformations within the measuring length lm of 20 mm of the video measuring technique was 
considered appropriate. 
Application of the analytical model 
Finally, the analytical model was applied to all fine grained concrete mixtures using the data 
of the video measurements of specimens with the dimensions 40 x 40 x 240 mm³. Fig. 6.45 to 
Fig. 6.48 show the ?-w relations derived in this way for three tested specimens each. These 
single ?-w curves of each mixture show an overall good congruence and only a low scatter, 
but it was not possible to suppress the above described oscillation effects fully by the 
implemented collocation method. As these effects are predominantly observed for low 
stresses and increasing crack width, for further analysis it would seem appropriate to neglect 
tensile stresses ?t < 0.1 N/mm². The representative mean of these modified multi-linear 
softening curves is shown in Fig. 6.48 to Fig. 6.50 together with the results of FE analysis. 
The corresponding tensile stresses ?t and crack widths w at the sampling points (?i, wi) are 
listed in Table 6.11. 
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Fig. 6.45. ?-w curves derived by analytical model, specimen size 40 x 40 x 240 mm³ – PZ-0899-01. 
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Fig. 6.46. ?-w curves derived by analytical model, specimen size 40 x 40 x 240 mm³ – FA-1200-01. 
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Fig. 6.47. ?-w curves derived by analytical model, specimen size 40 x 40 x 240 mm³ – RP-03-2E. 
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Fig. 6.47. ?-w curves derived by analytical model, specimen size 40 x 40 x 240 mm³ – RP-03-2E. 
6.4 Evaluation of test results 157
6.4.2.4 Discussion of stress-crack width curves 
The mean ?-w curves derived by FE-analysis and the analytical model shown in Fig. 6.48 to 
Fig. 6.50 are characterised by the sampling points (?i, wi) listed in Table 6.11. A very good 
congruence was found for mixtures PZ-0899-01, and FA-1200-01 (Fig. 6.48 and Fig. 6.49), 
while significant deviations of the numerically and analytically derived softening functions 
were observed for mixture RP-03-2E (Fig. 6.50). Due to the high flexural strengths and the 
brittle fracture behaviour of mixture RP-03-2E, only very small displacements ?li were 
determined during the 3-point bend test by the video extensometer. In some cases the 
measured data were found to be within the accuracy limits of this measuring technique and it 
was not possible to analyse them accurately. This lead to significant deviations from the 
numerically derived softening curves. Still, Fig. 6.50 shows that also with the analytical 
model the brittle fracture behaviour with a steep descending branch of the ?-w curve was 
characterised.
The area below the mean ?-w curves derived with the analytical model gives the fracture 
energy Gf,AN which is given in Table 6.10. The deviations from the fracture energy Gf derived 
from the 3-point bend tests were below 12 % for mixtures PZ-0899-01 and FA-1200-01, 
while a large deviation of about 60 % was found for mixture RP-03-2E. Again this can be 
explained by the accuracy limits of the video measuring technique.  
The fracture energy Gf from the experimental P-u curves is indirectly used as input or 
controlling parameter for FE analysis and consequently shows a dependency on the 
subsequently derived fracture energy Gf,FE. This is different for the analytical model as the 
derived fracture energy Gf,AN is independent of the fracture energy Gf from experiment. 
Hence, a good congruence of the fracture energy Gf,AN of the analytically derived ?-w curves 
with the fracture energy from the experiment Gf or FE analysis Gf,FE is a reliable verification 
of the proposed analytical model. 
Table 6.10. Fracture energy Gf,AN of analytically derived ?-w curves (mean) and deviation from 
fracture energy Gf derived from P-u curves of 3-point bend tests.  
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) d/b a/d Gf Gf,AN Gf,AN/Gf Gf Gf,AN Gf,AN/Gf Gf Gf,AN Gf,AN/Gf
mm³ - - N/m - N/m - N/m - 
40 x 40 x 240 1 0.25 40.1 45.1 1.12 30.5 29.4 0.96 16.3 25.9 1.59 
1) b - width, d – thickness of specimen, l – length 
A further characteristic of the softening curves is the critical crack width wc indicating the 
crack initiation of a real crack without any stress transfer. This wc varies for the different 
derivation methods of FE analysis and the analytical model (Table 6.11). As the ?-w curves 
show a very flat progress of curvature with low stresses for increasing crack widths no 
significant influence of these varying critical crack widths wc (about < 0.1 mm) on the 
modelled load-displacement curves was observed (Fig. 6.35). These critical wc are more 
significant for simplified approximations of the ?-w relations, e.g. linear or bi-linear softening 
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functions, where also the shape of the ?-w curve and the fracture energy are influenced by the 
value of wc.
The congruence of results from the analytical model and the FE calculations, i.e. the multi-
linear ?-w relations and the fracture energy, clearly verifies the applicability of the proposed 
analytical model in combination with the video measuring technique. It was possible to 
achieve further improvements regarding the accuracy of the deformation measurements by 
using two video cameras and hence offering smaller display windows with a higher 
resolution. At the moment the data of the video measurements and the 3-point bend tests are 
produced and analysed separately. With further programming efforts, calculation routines 
which combine these data and automatically deliver the ?-w curve as output might be 
developed and would offer a wider application range for this new method.  
Within this study the tensile strength ft as determined by uniaxial tension tests was used as 
input parameter, but the theoretical background of the analytical model also allows for the 
derivation of the tensile strength ft without additional testing. Hence, if further enhanced, the 
analytical model in combination with the video measuring technique offers a very simple and 
appropriate tool for the determination of the softening behaviour of concrete or mortars. 
Table 6.11. Sampling points (?i, wi) of mean multi-linear ?-w curves derived by (i) FE analysis and 
(ii) analytical model. 
FE analysis Analytical model 
PZ-0899-01 FA-1200-01 RP-03-2E PZ-0899-01 FA-1200-01 RP-03-2E 
?t w ?t w ?t w ?t w ?t w ?t w 
N/mm² mm N/mm² mm N/mm² mm N/mm² mm N/mm² mm N/mm² mm 
4.000 0.000 2.899 0.000 4.775 0 4.000 0.000 3.000 0.000 4.95 0 
1.673 0.007 2.277 0.001 3.740 0.001 3.610 0.001 2.432 0.002 4.699 0.001 
0.902 0.011 1.788 0.002 3.039 0.002 1.651 0.007 1.178 0.006 3.956 0.002 
0.441 0.019 1.294 0.004 2.117 0.003 0.812 0.014 0.417 0.016 3.728 0.003 
0.218 0.030 0.772 0.007 1.031 0.005 0.257 0.026 0.156 0.033 3.003 0.004 
0.108 0.050 0.408 0.013 0.345 0.008 0.134 0.040 0.026 0.044 3.048 0.004 
0.054 0.082 0.202 0.023 0.121 0.014 0.032 0.045 0.064 0.106 2.737 0.005 
0.027 0.136 0.102 0.040 0.051 0.025 0.000 0.5001) 0.000 0.1101) 2.199 0.006 
0.014 0.223 0.053 0.070 0.022 0.043 1.477 0.007 
0.004 0.368 0.029 0.122 0.010 0.074 0.723 0.008 
0.000 0.6051) 0.000 0.2141) 0.000 0.1281)
- - - - 
0.000 0.0251)
1) w at ? = 0 N/mm² represents wc
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value of wc.
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Fig. 6.48. ?-w curves (mean) derived by (i) FE analysis, and (ii) analytical model – PZ-0899-01. 
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Fig. 6.49. ?-w curves (mean) derived by (i) FE analysis, and (ii) analytical model – FA-1200-01. 
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Fig. 6.50. ?-w curves (mean) derived by (i) FE analysis, and (ii) analytical model – RP-03-2E. 
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Fig. 6.48. ?-w curves (mean) derived by (i) FE analysis, and (ii) analytical model – PZ-0899-01. 
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Fig. 6.49. ?-w curves (mean) derived by (i) FE analysis, and (ii) analytical model – FA-1200-01. 
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Fig. 6.50. ?-w curves (mean) derived by (i) FE analysis, and (ii) analytical model – RP-03-2E. 
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Fig. 6.48. ?-w curves (mean) derived by (i) FE analysis, and (ii) analytical model – PZ-0899-01. 
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Fig. 6.49. ?-w curves (mean) derived by (i) FE analysis, and (ii) analytical model – FA-1200-01. 
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Fig. 6.50. ?-w curves (mean) derived by (i) FE analysis, and (ii) analytical model – RP-03-2E. 
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As a further aspect, the applicability of simplified ?-w relations as known from ordinary 
concrete, i.e. linear, bi-linear and exponential approaches, was investigated for mixture PZ-
0899-01. These ?-w relations derived according to Eq. 2.32 to Eq. 2.38 using the mean tensile 
strength ft and fracture energy Gf are shown in Fig. 6.51. Such simplified ?-w relations of 
mixtures FA-1200-01 and RP-03-2E are shown in Fig. 6.51, Appendix. 
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Fig. 6.51. Simplified (linear, bi-linear, exponential) and multi-linear ?-w relations – PZ-0899-01. 
The load-displacement curves of the modelled 3-point bend tests subsequently derived on 
basis of these simplified ?-w relations by means of FE analysis are shown in Fig. 6.52. An 
overestimation of the ultimate load Pmax as well as the fracture energy Gf show that these 
mathematical approximations of the ?-w curves do not apply well to mixture PZ-0899-01. 
Similar differences may be expected for mixture FA-1200-01, which also shows a distinctive 
softening behaviour (Fig. 11.26, Appendix), which is not described by e.g. a linear or bi-linear 
simplified softening curve. Presumably the almost brittle fracture behaviour of mixture RP-
03-2E can be described sufficiently well e.g. with approximated linear or bi-linear ?-w curves 
which are similar to the multi-linear softening curve (Fig. 11.27, Appendix). Consequently, 
for further research and dimensioning of TRC structures the derivation of multi-linear ?-w 
curves is essential. These may be derived by either FE analysis, or the proposed analytical 
model.
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Fig. 6.52. Numerically derived P-u curves using linear, bi-linear, exponential, and multi-linear ?-w
curves, in comparison with experimentally derived P-u curve (mean) for specimen 
dimension 40 x 40 x 240 mm³ - PZ-0899-01. 
To summarise these results, Fig. 6.53 shows the representative softening curves (derived by 
FE analysis with the sampling point (?i, wi) given in Table 6.11) of all mixtures and also 
gives the characteristic mechanical and fracture mechanical parameters, i.e. the tensile 
strength ft, fracture energy Gf,FE, and characteristic length lch. To allow for a comparison of 
the softening behaviour of fine grained and ordinary concrete, in Fig. 6.53 exemplary a multi-
linear ?-w curve of an ordinary concrete C80/95 is shown. 
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Fig. 6.53. Comparison of multi-linear ?-w curves (derived by FE-analysis) of the fine grained 
concrete mixtures PZ-0899-01, FA-1200-01, and RP-03-2E. 
Considering the investigated fine grained concrete mixtures, the least ductile fracture 
behaviour was observed for mixture RP-03-2E, which is explained by a very high binder 
content and a low amount of aggregates. This mixture rather represents a cement paste where 
there is not much opportunity for energy consuming fracture processes like crack branching 
and bridging. The rather brittle fracture behaviour is also shown by a high gradient of the 
6.4 Evaluation of test results 161
Load P in N
0
200
400
600
800
0.0 0.1 0.2 0.3
Displacement u in mm
PZ-0899-01
40 x 40 x 240 mm³
relative notch depth a/d = 0.25
bi-linear ?-w
linear ?-w
exponential ?-w
experimental P-u
multi-linear ?-w (derived by FE analysis)
Fig. 6.52. Numerically derived P-u curves using linear, bi-linear, exponential, and multi-linear ?-w
curves, in comparison with experimentally derived P-u curve (mean) for specimen 
dimension 40 x 40 x 240 mm³ - PZ-0899-01. 
To summarise these results, Fig. 6.53 shows the representative softening curves (derived by 
FE analysis with the sampling point (?i, wi) given in Table 6.11) of all mixtures and also 
gives the characteristic mechanical and fracture mechanical parameters, i.e. the tensile 
strength ft, fracture energy Gf,FE, and characteristic length lch. To allow for a comparison of 
the softening behaviour of fine grained and ordinary concrete, in Fig. 6.53 exemplary a multi-
linear ?-w curve of an ordinary concrete C80/95 is shown. 
Tensile stress ?t in N/mm²
0
1
2
3
4
5
0.00 0.02 0.04 0.06 0.08 0.10
Crack width w in mm
PZ-0899-01
FA-1200-01
C80/95 dmax = 16 mmRP-03-2E
Mixture ft Gf,FE lch
N/mm² N/m mm
PZ-0899-01 4.0 43 86
FA-1200-01 3.1 26 70
RP-03-2E 5.0 18 18
Fig. 6.53. Comparison of multi-linear ?-w curves (derived by FE-analysis) of the fine grained 
concrete mixtures PZ-0899-01, FA-1200-01, and RP-03-2E. 
Considering the investigated fine grained concrete mixtures, the least ductile fracture 
behaviour was observed for mixture RP-03-2E, which is explained by a very high binder 
content and a low amount of aggregates. This mixture rather represents a cement paste where 
there is not much opportunity for energy consuming fracture processes like crack branching 
and bridging. The rather brittle fracture behaviour is also shown by a high gradient of the 
6.4 Evaluation of test results 161
Load P in N
0
200
400
600
800
0.0 0.1 0.2 0.3
Displacement u in mm
PZ-0899-01
40 x 40 x 240 mm³
relative notch depth a/d = 0.25
bi-linear ?-w
linear ?-w
exponential ?-w
experimental P-u
multi-linear ?-w (derived by FE analysis)
Fig. 6.52. Numerically derived P-u curves using linear, bi-linear, exponential, and multi-linear ?-w
curves, in comparison with experimentally derived P-u curve (mean) for specimen 
dimension 40 x 40 x 240 mm³ - PZ-0899-01. 
To summarise these results, Fig. 6.53 shows the representative softening curves (derived by 
FE analysis with the sampling point (?i, wi) given in Table 6.11) of all mixtures and also 
gives the characteristic mechanical and fracture mechanical parameters, i.e. the tensile 
strength ft, fracture energy Gf,FE, and characteristic length lch. To allow for a comparison of 
the softening behaviour of fine grained and ordinary concrete, in Fig. 6.53 exemplary a multi-
linear ?-w curve of an ordinary concrete C80/95 is shown. 
Tensile stress ?t in N/mm²
0
1
2
3
4
5
0.00 0.02 0.04 0.06 0.08 0.10
Crack width w in mm
PZ-0899-01
FA-1200-01
C80/95 dmax = 16 mmRP-03-2E
Mixture ft Gf,FE lch
N/mm² N/m mm
PZ-0899-01 4.0 43 86
FA-1200-01 3.1 26 70
RP-03-2E 5.0 18 18
Fig. 6.53. Comparison of multi-linear ?-w curves (derived by FE-analysis) of the fine grained 
concrete mixtures PZ-0899-01, FA-1200-01, and RP-03-2E. 
Considering the investigated fine grained concrete mixtures, the least ductile fracture 
behaviour was observed for mixture RP-03-2E, which is explained by a very high binder 
content and a low amount of aggregates. This mixture rather represents a cement paste where 
there is not much opportunity for energy consuming fracture processes like crack branching 
and bridging. The rather brittle fracture behaviour is also shown by a high gradient of the 
6.4 Evaluation of test results 161
Load P in N
0
200
400
600
800
0.0 0.1 0.2 0.3
Displacement u in mm
PZ-0899-01
40 x 40 x 240 mm³
relative notch depth a/d = 0.25
bi-linear ?-w
linear ?-w
exponential ?-w
experimental P-u
multi-linear ?-w (derived by FE analysis)
Fig. 6.52. Numerically derived P-u curves using linear, bi-linear, exponential, and multi-linear ?-w
curves, in comparison with experimentally derived P-u curve (mean) for specimen 
dimension 40 x 40 x 240 mm³ - PZ-0899-01. 
To summarise these results, Fig. 6.53 shows the representative softening curves (derived by 
FE analysis with the sampling point (?i, wi) given in Table 6.11) of all mixtures and also 
gives the characteristic mechanical and fracture mechanical parameters, i.e. the tensile 
strength ft, fracture energy Gf,FE, and characteristic length lch. To allow for a comparison of 
the softening behaviour of fine grained and ordinary concrete, in Fig. 6.53 exemplary a multi-
linear ?-w curve of an ordinary concrete C80/95 is shown. 
Tensile stress ?t in N/mm²
0
1
2
3
4
5
0.00 0.02 0.04 0.06 0.08 0.10
Crack width w in mm
PZ-0899-01
FA-1200-01
C80/95 dmax = 16 mmRP-03-2E
Mixture ft Gf,FE lch
N/mm² N/m mm
PZ-0899-01 4.0 43 86
FA-1200-01 3.1 26 70
RP-03-2E 5.0 18 18
Fig. 6.53. Comparison of multi-linear ?-w curves (derived by FE-analysis) of the fine grained 
concrete mixtures PZ-0899-01, FA-1200-01, and RP-03-2E. 
Considering the investigated fine grained concrete mixtures, the least ductile fracture 
behaviour was observed for mixture RP-03-2E, which is explained by a very high binder 
content and a low amount of aggregates. This mixture rather represents a cement paste where 
there is not much opportunity for energy consuming fracture processes like crack branching 
and bridging. The rather brittle fracture behaviour is also shown by a high gradient of the 
6 Tension (short-term static loads)162
descending branch of the ?-w curve with stress transfer only at very small crack widths and a 
small characteristic length lch, as already discussed in Section 6.3.2.4. Mixtures PZ-0899-01 
and FA-1200-01 both show a more ductile fracture behaviour characterised by less steep ?-w
curves and larger characteristic lengths lch. Due to a lower binder content and a higher w/b 
ratio these mixtures contain a higher amount of aggregates in comparison with mixture RP-
03-2E, which cause micro-cracking at the interfacial zones as well as crack bridging and 
branching. The rougher fracture surfaces in comparison with mixture RP-03-2E support this 
statement. Mixture FA-1200-01 showed a less ductile fracture behaviour in comparison with 
mixture PZ-0899-01 characterised by a smaller characteristic length lch and a higher gradient 
of the descending branch of the ?-w relation. A possible explanation is the high amount of fly 
ash as this is the only difference in matrix composition. At the considered testing age of 
28 days the fly ash does not offer the same concrete strength as hydrated cement grains but 
functions only as filler material. 
The comparison with an ordinary concrete C80/95 clearly shows the significantly less ductile 
fracture behaviour of fine grained concrete and hence the need for investigation and 
knowledge of the fracture behaviour of the newly developed binder systems used for TRC 
structural elements. 
6.5 Summary and discussion 
The applicability of LEFM could not be verified for the investigated fine grained concrete due 
to a significant size dependence of the fracture toughness KIc as well as the fracture energy 
release rate GIc. It is possible to determine reliable values only for very large specimen sizes, 
where the length of the fracture zone becomes negligible in comparison with the specimen 
dimension or structure. Such specimen sizes, however, are not within the range of practicable 
laboratory conditions. Consequently, even though fine grained concrete may be considered 
more homogeneous than ordinary concrete, non-linear fracture mechanical approaches had to 
be applied for the derivation of the softening behaviour. 
Furthermore, in contrast to the compressive strengths fc a significant size dependence of the 
net flexural strength ffl,net has been found according to the SEL [Baz84] and MFSL [Car99]. 
The non-distinctive size effect for compression was explained, among other things, by the 
hampered development of the tensile splitting crack band due to the frictional restraints of the 
load plates. In the case of the notched 3-point bend test there were no such restrictions and the 
experiments were carried out as advised by e.g. [RIL90a]. This reduction in strength is 
explained by different theories according to the applied models, i.e. energy based criteria or 
the multifractality of the fracture surface as discussed in Sections 2.5, 4.4.3, and 6.4.1. 
However, a size effect analysis should be carried out if the flexural strength ffl of non-notched 
specimens is required e.g. for dimensioning. This can either imply theoretically (i) analysing 
notched 3-point bend tests with varying beam depths in a size range of at least 1:4 with the 
size effect approaches according to [Baz98, Pla92, Pla93], or, which is more practical, (ii) the 
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derivation of the ?-w relation (by FE analysis or the analytical model) and subsequent FE 
analysis of modelled 3-point bend specimens (or considered structures) of different sizes. 
It was a further objective of the investigations to determine and evaluate the softening 
behaviour of fine grained concrete matrices. A new analytical model in combination with a 
video measuring technique was proposed for the derivation of multi-linear ?-w curves. As 
these results showed a low scatter and very good congruence with the results from the known 
FE analysis the newly developed analytical method can be regarded as an appropriate tool for 
the determination and evaluation of the fracture behaviour of fine grained concrete. With 
further improvements of the accuracy of the video measuring technique and the implemented 
calculation routines it could even be used for other materials and specimen dimensions 
offering a simple and non time-consuming method. Neither special knowledge of FE methods 
nor time consuming FE analysis are required anymore. 
Furthermore, it was shown that all fine grained concrete mixtures show a significantly less 
ductile fracture behaviour in comparison with ordinary concrete. Consequently, the 
mathematical approximations of the ?-w relations known from ordinary concrete as e.g. 
linear, bi-linear or exponential approaches, did not apply in the known forms to the fine 
grained concrete. Thus the derivation of multi-linear ?-w curves is considered essential for 
the dimensioning of TRC structural elements.  
As the amount of experimental data does not suffice for empirical considerations, so far no 
general mechanical or fracture mechanical characteristics of fine grained concrete can be 
stated for dimensioning. At this point it would be recommended to investigate and evaluate 
the fracture behaviour for each considered fine grained concrete mixture separately. 
The characteristic fine grained concrete parameters related to the investigations under tension 
suggested for dimensioning TRC structures are listed in Table 8.1, where the presented 
dimensioning parameters are summarised. 
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CHAPTER 7
CARBONATION
7.1 Introduction
As complete carbonation of thin-structured TRC elements may occur under certain climatic 
conditions, the influence of carbonation of fine grained concrete on its mechanical and 
fracture mechanical characteristics for short-term static loads will be investigated in the 
following. 
Carbonation of concrete leads to a reduction of the pH value of the pore solution of the 
cement paste. In the case of ordinary concrete the carbonation depth should be kept low in 
order to maintain the protective passivating layer covering the surface of the steel 
reinforcement. In contrast to steel reinforcement, the corrosion mechanisms of AR-glass 
reinforcement are hampered at a low alkaline pore solution and thus for TRC a low pH value, 
caused by example through carbonation, is preferable. Such durability aspects are not 
investigated within this study, but are described in detail in [Orl05]. Although carbonation of 
fine grained concrete offers a positive influence in regard to durability aspects, a possible 
influence of carbonation on the strength characteristics has to be considered within the 
dimensioning and modelling process of TRC structural elements. 
For the experimental investigations different storage conditions were chosen, which allowed a 
direct comparison between fully carbonated and non-carbonated specimens. These 
investigations comprised the determination of the compressive strength fc including the 
derivation of ?-? curves. Also, the tensile strength ft, Young’s modulus Et, and strain at 
ultimate load ?t1 were determined by uniaxial tension tests. Furthermore, notched 3-point bend 
tests were carried out to determine the fracture energy Gf and derive the softening behaviour 
by means of FE analysis. 
7.2 Experimental methods 
The following investigations were carried out for mixture FA-1200-01 only, which offered a 
fast carbonation process in comparison with the other mixtures and therefore allowed a 
complete carbonation of the investigated specimens within the timeframe of this study.
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7 Carbonation166
The specimen preparation was carried out according to Section 3.2. A testing age of 56 days 
was chosen in order to assure complete carbonation of the specimens stored under storage 
condition (B), i.e. 7 days sealed storage at 20 °C, then storage in a climatic chamber at a 
temperature of 20 °C and 65 % RH with an elevated CO2 concentration of 1 Vol.-%. A 
continuously sealed storage at 20 °C, i.e. storage condition (A), was chosen as reference, and 
for comparison with the results discussed in Chapters 4 and 6 for specimens of a testing age of 
28 days. Furthermore, storage condition (C), which offers the same climatic conditions of 
20 °C and 65 % RH but no CO2 emission, allowed a direct comparison of non-carbonated 
specimens with carbonated specimens stored at storage condition (B). All considered storage 
conditions (A), (B), and (C) are listed in Table 7.1. 
In the following experimental tests three specimens were tested for each of the three different 
storage types. 
Table 7.1. Storage conditions for investigations on carbonation effects – FA-1200-01. 
(A) Continuously sealed storage at 20 °C 
(B) 7 days sealed storage at 20 °C, then 20 °C, 65 % RH, 1 Vol.-% CO2
(C) 7 days sealed storage at 20 °C, then 20 °C, 65 % RH, CO2-free
7.2.1 Carbonation test 
The carbonation depth xc was determined using specimens of dimensions 40 x 40 x 160 mm³ 
stored in a climatic chamber at elevated CO2 concentrations, i.e. storage condition (B). Slices 
of these concrete prisms were split at appropriate testing ages and the internal surface of the 
slices was sprayed with phenolphthalein solution to reveal the non-carbonated core. The depth 
of carbonation xc, as indicated by pink colour, was measured on all sides of the slice and 
averaged for each specimen (Fig. 7.1).  
7.2.2 Porosity measurements 
In this work, the porosity was measured because of its influence on the mechanical properties. 
Pore volume measurements were carried out using mercury intrusion porosity (Autopore II 
9220, Micromeritics, measurable pore radii: 1.8 nm to 200 µm). The relation between pore 
size r and pressure p is expressed by the Washburn equation as follows 
p
r
?? cos2 ???  (7.1) 
where r is the capillary radius in m, ? is the surface tension of mercury in N/m (here 0.485), ?
is the contact angle mercury/concrete in ° (here: 141.3 °) and p is the pressure gradient in Pa. 
Furthermore the total porosity was measured by water absorption under a pressure of 15 MPa 
according to German Standard [DIN 52103]. The total porosity is correlated with a pore size 
of pore radius of 0.00025 µm. See [Bra03c] for details of the test methods. 
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7.2.3 Compression test 
The compression tests were carried out using prismatic specimens of dimensions 
20 x 20 x 80 mm³ with a slenderness ? = 4. Three specimens each were tested and the mean 
of the compressive strength fc, Young’s modulus Ec and strain at ultimate load ?c1 were 
derived from the ?-? curves (compare Section 4.3.3). For specimen production, testing 
conditions and subsequent analysis compare Section 4.2. 
7.2.4 Tension test (short-term loads) 
The uniaxial tension tests were carried out using specimens with a reduced cross-section as 
shown in Fig. 6.1 c. The tensile strength ft, Young’s modulus Et and strain at ultimate load ?t1
were derived from the measured data. For specimen production, testing conditions and 
subsequent derivation of the mechanical parameters compare Section 6.2.1. 
7.2.5 3-point bend test 
The 3-point bend tests were carried out using notched specimens of dimension 
20 x 20 x 120 mm³ with a relative notch depth a/d of 0.25. For specimen production, testing 
conditions and subsequent derivation of the mechanical parameters compare Section 6.2.2. 
Subsequently, the softening behaviour was derived by FE analysis and hence no video 
measurements were carried out. 
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Fig. 7.1. Carbonation depth xc, specimens 40 x 40 x 160 mm³, storage condition (B) - FA-1200-01. 
Fig. 7.1 shows the time dependent development of the carbonation depth xc (concrete age 
plotted in t -scale) of mixture FA-1200-01 for storage condition (B). It shows a measured 
carbonation depth xc of 10 mm after 56 days. Within this study specimen dimensions with a 
cross-section of 20 x 20 mm² were used for the tension, compression and 3-point bend tests. 
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Fig. 7.1. Carbonation depth xc, specimens 40 x 40 x 160 mm³, storage condition (B) - FA-1200-01. 
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7 Carbonation168
These specimens were stored in a manner leading to carbonation from all sides and hence, 
complete carbonation of these specimens was expected after 56 days according to the 
observed carbonation depths as shown in Fig. 7.1. 
7.3.2 Porosity measurements 
The results of mercury intrusion porosity for mixture FA-1200-01 are shown for two 
measurements each at a testing age of 56 days for the chosen storage conditions. Fig. 7.2 
shows the incremental pore size distribution, Fig. 7.3 shows the cumulative pore size 
distribution and the total pore volume measured by water absorption under a pressure of 
15 MPa. 
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Fig. 7.3. Pore size distribution (cumulative) and total porosity water absorption – FA-1200-01. 
Fig. 7.2 clearly shows a shifting to larger pore size radii for the specimens of storage (C), i.e. 
storage at 20 °C, 65 % RH and 1 Vol.-% CO2-concentration, in comparison with sealed 
specimens. A direct comparison of non-carbonated specimens in a CO2-free climate with 
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completly carbonated specimens also shows a shifting to larger pore radii. These differences 
are also shown in Fig. 7.3. The total porosity of non-carbonated and completely carbonated 
specimens stored at 20 °C and 65 % RH is found in a similar range, i.e. a total porosity of 
25.7 Vol.-% for a CO2-free storage (C) and 26.9 Vol.-% for storage with 1 Vol.-% CO2 (B). 
The lowest total porosity is found for a sealed storage (A) with 23.0 Vol.%. For ordinary 
concrete of OPC carbonation leads to a densification of the pore structure (Section 2.2). This 
is not the case for the considered mixture FA-1200-01 with an extremely high content of fly 
ash. Here, the carbonation process leads to a shifting to larger pore sizes while the total pore 
volume is found in a similar range like for non-carbonated concrete. 
7.3.3 Compression test 
From the measured loads and deformation response the ?-? curves were derived at a testing 
age of 56 days and are shown in Fig. 7.4 for all storage conditions. The mechanical 
parameters i.e. the mean of the compressive strength fc, Young’s modulus Ec and strain at 
ultimate load ?c1, are listed in Table 7.2. The corresponding standard deviations as well as the 
relative standard deviations are listed in Table A.10.11, Appendix. 
Compressive stress ?c in N/mm²
0
10
20
30
40
50
0 1 2 3 4 5
Strain ?c in mm/m
storage (A)
sealed
storage (C)
CO2-free
storage (B)
1 Vol.-% CO2
Fig. 7.4. Experimental ?-? curves at a testing age of 56 days, storage conditions (A), (B), and (C), 
20 x 20 x 80 mm³ - FA-1200-01. 
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Table 7.2.  Results of compression tests at testing age of 56 days – FA-1200-01. 
Specimen dimension Slenderness Storage condition Mechanical parameters  
b x d x l1) ?2)  fc Ec ?c1
mm³ - - N/mm² mm/m 
(A) sealed 47.5 27 200 2.99 
(B) 1 Vol.-% CO2 20.1 13 800 2.79 20 x 20 x 80  4 
(C) CO2-free 35.3 19 100 2.97 
1) b – width, d – thickness of specimen, l – length 
2) ? – slenderness 
For the continuously sealed storage (A) the highest compressive strengths and Young’s 
moduli were obtained due to the better curing and hydration conditions. However, a direct 
comparison of the mechanical characteristics is only possible for storage conditions (B) and 
(C) which shows that a complete carbonation of the specimens leads to a significant reduction 
of the compressive strength of about 40 % and stiffness (Young’s modulus) of about 30 %. 
As the measured strains at ultimate load ?c1 showed a high scatter, no significant influence 
due to the storage conditions under consideration could be derived. The mean of these strains 
are in a similar range for all storage conditions (Table 7.2).  
7.3.3.1 Mathematical formulations of the stress-strain curves 
In the following the Model Code 90 [CEB93] was used to model the measured ?-? curves 
(Eq. 2.2). Similar to Section 4.4.3 the experimentally determined parameters as given in 
Table 7.3 were used to account for the low stiffness and high strains of fine grained concrete 
in comparison with ordinary concrete. The ?-? curves calculated from them are presented in 
Fig. 7.5 as “MC 90exp” together with the experimentally determined ?-? curves. A very good 
congruence of the experimentally ?-? curves and mathematical approaches was obtained for 
all storage conditions. 
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Fig. 7.5. Mathematical approximation of ?-? curve according to Model Code 90 for storage 
conditions (A), (B), and (C) – FA-1200-01. 
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Table 7.3. Model parameters of mathematical approximation of ?-? curves according to [CEB93]. 
Input parameters Storage condition 
  (A) sealed (B) 1 Vol.-% CO2 (C) CO2-free
  Experiment Model Code 
901)
Experiment Model Code 
902)
Experiment Model Code 
902)
fc
2) or 
concrete
grade
N/mm² 
47.5 C40 20.1 C20 35.3 C30 
?c,13) mm/m 2.99 2.20 2.79 2.20 2.66 2.20 
Eci
4) 27 200 36 000 13 800 30 000 19 100 34 000 
Ec1
5)
N/mm² 
21 600 15 900 9 100 7 200 16 000 13 200 
?c1u6) mm/m - 3.30 - 4.20 - 3.70 
1) values accord. to Tables 2.1.6, 2.1.7 of Model Code 90 [CEB93] for relevant concrete grade 
2) fc  – compressive stress fc from experiment taken as fcm for calculations accord. to [CEB93] 
3) ?c1  – strain at ultimate compressive stress fc
4) Eci  – tangent modulus  
5) Ec1  – secant modulus as fcm/?c1
6) ?c1u  – ultimate strain  
7.3.4 Uniaxial tension test 
Representative ?-? curves derived from the uniaxial tension tests are plotted in Fig. 7.6. For 
further analysis these ?-? relations were approximated as linear, because the coefficients of 
fullness ?c were determined as 0.50, 0.54, and 0.53 for storage conditions (A), (B), and (C) 
respectively using Eq. 2.5 and thus approximated ideal linearity where ?c = 0.50 (compare 
Section 2.3.2.1). The means of the tensile strengths ft, Young’s moduli Et, and strains at 
ultimate tensile load ?t1 are given in Table 7.4 together with the relative standard deviations. 
Tensile stress ?t in N/mm²
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Fig. 7.6. Typical tensile ?-? curves determined by uniaxial tension tests at a testing age of 56 days, 
storage conditions (A), (B), and (C) – FA-1200-01. 
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7.3.4 Uniaxial tension test 
Representative ?-? curves derived from the uniaxial tension tests are plotted in Fig. 7.6. For 
further analysis these ?-? relations were approximated as linear, because the coefficients of 
fullness ?c were determined as 0.50, 0.54, and 0.53 for storage conditions (A), (B), and (C) 
respectively using Eq. 2.5 and thus approximated ideal linearity where ?c = 0.50 (compare 
Section 2.3.2.1). The means of the tensile strengths ft, Young’s moduli Et, and strains at 
ultimate tensile load ?t1 are given in Table 7.4 together with the relative standard deviations. 
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Fig. 7.6. Typical tensile ?-? curves determined by uniaxial tension tests at a testing age of 56 days, 
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Table 7.4. Mean tensile strength ft, Young’s modulus Et and strain at ultimate load ?t1 derived from 
uniaxial tension tests at a testing age of 56 days, storage conditions (A), (B), and (C) – 
FA-1200-01. 
Results from experiment Storage condition 
 (A) sealed (B) 1 Vol.-% CO2 (C) CO2-free
 ft Et ?t1 ft Et ?t1 ft Et ?t1
- N/mm² mm/m N/mm² mm/m N/mm² mm/m
Mean value 3.2 26 600 0.11 2.9 15 100 0.22 3.7 19 100 0.17 
Rel. standard deviation in % 11.2 9.7 9.8 5.0 5.4 5.9 7.1 3.3 6.2 
A direct comparison of storage conditions (B) and (C) shows that the tensile strength ft and 
Young’s modulus Et of the completely carbonated specimens were significantly reduced in 
comparison with non-carbonated specimens. The strains at ultimate load ?t1 increased with 
decreasing stiffness of the concrete.  
Furthermore, the highest tensile strengths were obtained for specimens of storage condition 
(C). This tendency of higher tensile strains for dry storage conditions (e.g. laboratory 
conditions of 20 °C and 65 % RH) in comparison with e.g. sealed or water storage has also 
been observed for ordinary concrete [Bra88, Hor91].
The highest stiffness was obtained for specimens of a continuously sealed storage (A) with a 
Young’s modulus of 26 600 N/mm². The determined Young’s moduli Ec are very similar to 
the Young’s moduli Et determined by the uniaxial tension tests (Table 7.2) with deviations 
below 2 % for storage conditions (A) and (C), and deviations below 9 % for storage 
condition (B).  
7.3.5 3-point bend test 
Representative measured load-displacement curves of the 3-point bend tests are shown in 
Fig. 7.7 for all storage conditions. Table 7.5 shows the mean of the subsequently derived 
flexural strengths ffl,net (Eq. 6.1) and fracture energies Gf (compare Section 6.3.2.4) together 
with the relative standard deviations. Also, the characteristic length lch is listed which was 
calculated according to Eq. 2.31 using the mean tensile strength ft and Young’s modulus Et of 
Table 7.4 and fracture energy Gf of Table 7.5 as input parameters. 
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Load P in N
0
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Displacement u in mm
20 x 20 x 120 mm³
relative notch depth a/d = 0.25
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Fig. 7.7. Load-displacement curves from notched 3-point bend tests at a testing age of 56 days, 
storage conditions (A), (B), (C) – FA-1200-01. 
Table 7.5.  Results of notched 3-point bend test at a testing age of 56 days, storage conditions (A), 
(B), (C) – FA-1200-01. 
Results from experiment Storage condition 
 (A) sealed (B) 1 Vol.-% CO2 (C) CO2-free
 ffl,net Gf lch ffl,net Gf lch ffl,net Gf lch
- N/mm² N/m mm N/mm² N/m mm N/mm² N/m mm 
Mean value 4.0 28.89 73.7 4.0 28.15 64.9 4.9 31.82 52.9 
Rel. standard deviation in % 2.7 7.1 - 0.5 6.9 - 3.2 5.8 - 
Fig. 7.7 shows that the highest loads of the 3-point bend tests were obtained for specimens of 
storage condition (C). The corresponding highest flexural strengths ffl,net are in accordance 
with the fact, that the highest tensile strengths ft were determined at the same storage 
condition (C) (Table 7.4). Higher flexural strengths of specimens stored at dry climatic 
conditions in comparison with e.g. water or sealed storage have been observed also for 
ordinary concrete [Bra88, Hor91]. Although these observations have not been explained in 
detail yet, they are definitely related to the development of micro-cracks due to stress 
gradients caused by drying processes of the concrete structure. These micro-cracks influence 
the energy consumption (hence the fracture energy) and also the macro-crack development 
and may lead to an increase of flexural strength and fracture energy, see also Section 2.4.3.2. 
The fracture energy Gf was determined between 28.2 and 31.8 N/m. A slight increase of the 
fracture energy Gf was observed with increasing strength, which has also been observed for 
ordinary concrete [Mec00]. However, as the determined mean fracture energies were within 
the range of results of the different storage conditions, no general statement in regard to 
carbonation effects on the considered fracture mechanical parameters can be derived from the 
experimental results presented in this study. 
The highest characteristic length lch, which translates into the most ductile fracture behaviour, 
was found for specimens of a continuously sealed storage, i.e. storage condition (A). The 
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completely carbonated specimens of storage condition (B) with 1 Vol.-% CO2 showed a 
slightly more ductile fracture behaviour in comparison with the non-carbonated specimens of 
storage condition (C), i.e. CO2-free, which was characterised by a larger characteristic 
length lch.
7.4 Evaluation of test results 
7.4.1 Stress-crack width curve from notched 3-point bend test by FE analysis 
The softening behaviour of the fine grained concrete specimens stored at different climatic 
conditions was derived by numerical FE analysis as explained in Section 6.2.4. The ensuing 
multi-linear ?-w curves are presented in Fig. 7.8. The corresponding sampling points of the 
tensile stresses and crack widths (?i, wi) are listed in Table A.10.12, Appendix. 
Tensile stress ?t in N/mm²
0
1
2
3
4
0.00 0.01 0.02 0.03 0.04
Crack width w in mm
storage (C), CO2-free
storage (A), sealed
storage (B), 1 Vol.-% CO2
Fig. 7.8. ?-w curves for all storage conditions (A), (B), and (C) at a testing age of 56 days derived 
by FE analysis – FA-1200-01. 
Subsequently, these multi-linear ?-w curves were used as input function for the numerical 
derivation of load-displacement curves of the modelled 3-point bend beam and compared with 
the experimental results as presented in Fig. 7.9, by way of example for storage conditions (B) 
and (C). The good congruence of the numerically and experimentally determined load-
displacement curves affirms the plausibility of the ?-w curves of Fig. 7.8.
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Fig. 7.9. Experimentally and numerically derived load-displacement curves, storage conditions (B) 
and (C) at a testing age of 56 days – FA-1200-01. 
The reliability of the ?-w curves was further confirmed by low deviations (< 7 %) of the 
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(C).
No significant influence of the climatic conditions, i.e. complete carbonation of the 
specimens, on the tension softening of fine grained concrete could be found. The ?-w curves 
showed a reduction of the tensile strength due to carbonation but no significant changes of the 
gradient of the descending branch. Thus, although storage conditions and carbonation do have 
a significant influence on the mechanical characteristics of strength and stiffness, the 
influence on the fracture and softening behaviour obviously is not significant. The 
carbonation processes which take place in the cement paste lead to a shifting to larger pore 
radii (compare Fig. 7.2) and a weakened structure of the cement paste which leads to a 
reduction in strength and stiffness. However, the principal fracture characteristics - i.e. micro-
cracking and crack development with crack paths which go around the aggregates, crack 
branching and interlocking of fracture surfaces - were obviously not influenced by the 
structural changes of the cement paste. Presumably the softening behaviour is dominated 
much more by mechanical processes, which are primarily influenced by the proportions of 
binder content and aggregates, than by structural changes within the cement paste itself. 
7.4.2 Approximation of carbonation depth over time 
As carbonation is a time dependent process which is influenced by climatic conditions, CO2
concentrations, concrete age, curing conditions and other factors, different formulas have 
been proposed in recent years in order to predict the carbonation depth of ordinary concrete. 
With the objective of investigating whether such models are also applicable to fine grained 
concrete, the time dependent function according to [Geh00, BRI00] was used to determine the 
carbonation depth xc,pred at a chosen time t as  
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where
RACC,0
-1: characteristic carbonation resistance (determined on dried, separately produced and 
stored concrete specimens by means of the accelerated carbonation method with 
2 Vol.-% CO2) [m
2/s/kgCO2/m
3]. (This value was determined for mixture FA-1200-
01 as RACC,0
-1 = 2.268 10-10 m2/s/kgCO2/m
3 in accelerated carbonation tests 
according to [Geh00].) 
RNAC
-1: characteristic carbonation resistance (determined on dried, separately produced and 
stored concrete specimens by means of the ordinary carbonation method) 
[m2/s/kgCO2/m
3]
DEff,0: effective CO2 – diffusion coefficient of dried, carbonated concrete, determined at 
separately produced and stored concrete specimens [m2/s] 
?CS: characteristic surface concentration of CO2 [kgCO2/m3], here: 5.0 10-4
ke: characteristic environment factor [-], here: 1.0 (for OPC, laboratory 20 °C, 65 % RH) 
W(t) function of weathering [-], here: 1.0 
w: characteristic age factor [-], here: 0 (for OPC, laboratory 20 °C, 65 % RH), hence 
W(t) [-] becomes 1.0
kc: characteristic curing factor [-], here: 1.0 (for 7 days curing) 
kt: ratio of carbonation resistance under natural conditions (NAC) and accelerated 
carbonation (ACC) [-], here: 1.25 
?t error-term with unit of RACC,0-1 to account for inaccuracies of testing and 
determination of RACC,0
-1 [m²/s/kgCO2/m³], here: 1.0 10
-11
t:concrete age [s] 
t0:reference concrete age [s] 
The derivation of the above listed parameters for specimens or structures with 7 days curing 
and storage at laboratory conditions (20 °C, 65 % RH) is explained in detail in [Geh00, 
BRI00], and finally allows to deduce Eq. 7.2 as follows 
? ? tRCktx ACCStc ?????? ?1 0,2  (7.6) 
Eq. 7.2 applies to the case of concrete elements subject to climatic conditions of a temperature 
of about 20 °C and 65 % RH (no rain events) and was used for the prediction of the 
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carbonation depth xc,pred as shown in Fig. 7.10. Also, the measured carbonation depths xc is 
plotted, which was determined for specimens with 7 days sealed storage at 20 °C followed by 
a storage at 20 °C and 65 % RH at natural CO2 concentration of the surrounding air. The 
concrete age is plotted in a t -scale.  
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Fig. 7.10. Measured and predicted carbonation depth xc for climatic conditions of about 20 °C and 
65 % RH – FA-1200-01. 
The predicted values show a fair congruence with the measured carbonation depths up to the 
considered testing age of 91 days. In further long-term tests it should be investigated for 
higher concrete ages if the predicted values still correspond to the measured carbonation 
depths.
Assuming that carbonation can occur from all sides complete carbonation of a concrete 
element of a thickness of about 10 mm is predicted for mixture FA-1200-01 at a concrete age 
of 100 days by Eq. 7.2 with a characteristic carbonation resistance of 2.268·10-10 
m2/s/kgCO2/m
3 (RACC,0
-1) for mixture FA-1200-01. 
Note that mixture FA-1200-01 was chosen for the presented investigations due to its 
extraordinarily fast carbonation behaviour. Hence, the results of carbonation are not 
representative for the other mixtures. With additional calculations, which are not part of this 
study, the carbonation depth xc,pred was also predicted for mixtures PZ-0899-01 and RP-03-2E 
for thin-structured elements of a thickness of 10 mm. For mixture PZ-0899-01 complete 
carbonation was predicted after about 15 years while for mixture RP-03-2E complete 
carbonation is not expected within realistic concrete ages at all. These mixtures have a 
significantly higher cement content of ordinary portland cement and hence, carbonation may 
even lead to an increase in strengths due to a densification of the pore structure as explained 
in Section 2.1. 
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7.5 Summary and discussion 
For mixture FA-1200-01 a complete carbonation leads to a significant reduction of stiffness 
and strength, i.e. the compressive, flexural and tensile strength, but an increase of strains at 
ultimate load. In contrast, no significant influence of the considered climatic conditions or 
carbonation on the tension softening behaviour, i.e. the shape of the ?-w curves was observed. 
The tension softening seems to be more dominated by mechanical aspects which are not 
influenced by the carbonation process, that is e.g. amount of aggregates and cement paste, 
crack branching, interlocking of crack surface. Still, the tensile strength showed a reduction 
due to complete carbonation. As a consequence, the influence of climatic conditions and 
carbonation processes on the mechanical characteristic should be considered within 
dimensioning standards which will be developed for TRC. So far, not enough experiments 
have been carried out to derive any general or empirical statements about carbonation effects 
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age of about 100 days. Generally complete carbonation leads to a significant reduction in 
strength and an increase of deformation which should be avoided for the application of 
structural elements. This mixture offers extremely fast carbonation processes and is not 
representative of the other fine grained concrete mixtures. For mixture RP-03-2E complete 
carbonation was not predicted within realistic concrete ages and for mixture PZ-0899-01 only 
after about 15 years. As a consequence, mixture designs which offer a slow carbonation 
combined with suitable mechanical characteristics should be preferred for structural 
applications of TRC. 
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CHAPTER 8
SUMMARY AND CONCLUSION
The newly developed fine grained binder systems, which are a main component of the 
innovative composite of “Textile Reinforced Concrete” are characterised within this study to 
offer input parameters for a reliable dimensioning and modelling of TRC structures in future. 
The investigated mixtures PZ-0899-01, FA-1200-01 and RP-03-2E differ in matrix 
composition and hence in their mechanical and fracture mechanical characteristics. For these 
mixtures the material relations under compressive and tensile short-term static loads were 
determined and possible size effects investigated. In addition, the strain characteristics under 
sustained loads, i.e. uniaxial static compressive loads, were evaluated. 
Ordinary steel reinforced concrete is commonly used for compact or massive structures. In 
contrast, the new composite of TRC will be used for thin-structured elements of a thickness of 
about only 10 mm. As it is known that certain size effects can be observed for concrete 
structures (i.e. generally a reduction in strength with increasing specimen dimension or 
structure size), it was one objective of this study to carry out size effect analysis and define 
appropriate small-scaled specimen sizes for the determination of the mechanical 
characteristics; the smallest specimen dimensions featured only 10 x 10 x 10 mm³. To allow 
for an accurate testing of such miniature specimens, innovative and new specimen preparation 
techniques as well as testing procedures had to be developed taking into account specific 
accuracy requirements. 
Under compressive short-term static loads the compressive strength, Young’s modulus and 
strain at ultimate load were determined. As a result of the high precision of the specimen 
production and testing procedure the known fracture patterns of double-truncated pyramids 
could be observed for these small-sized specimens. Furthermore, a low relative standard 
deviation of the compressive strengths below 9 % for mixtures PZ-0899-01 and FA-1200-01 
was obtained which clarifies again the high accuracy of the tests. 
For dimensioning and numerical analysis of ordinary concrete structures several mathematical 
approaches are known which describe the mechanical behaviour of concrete in compression, 
e.g. German Standard [DIN 1045-1] or Model Code 90 [CEB93]. It was investigated whether 
these approaches can also be used to describe the mechanical behaviour of the newly 
developed fine grained binder systems. A very good approximation of the experimentally 
determined stress-strain relations was achieved by using the formulas of the Model Code 90 
[CEB93] or German Standard [DIN 1045-1], if in addition the significantly lower stiffness 
CHAPTER 8
SUMMARY AND CONCLUSION
The newly developed fine grained binder systems, which are a main component of the 
innovative composite of “Textile Reinforced Concrete” are characterised within this study to 
offer input parameters for a reliable dimensioning and modelling of TRC structures in future. 
The investigated mixtures PZ-0899-01, FA-1200-01 and RP-03-2E differ in matrix 
composition and hence in their mechanical and fracture mechanical characteristics. For these 
mixtures the material relations under compressive and tensile short-term static loads were 
determined and possible size effects investigated. In addition, the strain characteristics under 
sustained loads, i.e. uniaxial static compressive loads, were evaluated. 
Ordinary steel reinforced concrete is commonly used for compact or massive structures. In 
contrast, the new composite of TRC will be used for thin-structured elements of a thickness of 
about only 10 mm. As it is known that certain size effects can be observed for concrete 
structures (i.e. generally a reduction in strength with increasing specimen dimension or 
structure size), it was one objective of this study to carry out size effect analysis and define 
appropriate small-scaled specimen sizes for the determination of the mechanical 
characteristics; the smallest specimen dimensions featured only 10 x 10 x 10 mm³. To allow 
for an accurate testing of such miniature specimens, innovative and new specimen preparation 
techniques as well as testing procedures had to be developed taking into account specific 
accuracy requirements. 
Under compressive short-term static loads the compressive strength, Young’s modulus and 
strain at ultimate load were determined. As a result of the high precision of the specimen 
production and testing procedure the known fracture patterns of double-truncated pyramids 
could be observed for these small-sized specimens. Furthermore, a low relative standard 
deviation of the compressive strengths below 9 % for mixtures PZ-0899-01 and FA-1200-01 
was obtained which clarifies again the high accuracy of the tests. 
For dimensioning and numerical analysis of ordinary concrete structures several mathematical 
approaches are known which describe the mechanical behaviour of concrete in compression, 
e.g. German Standard [DIN 1045-1] or Model Code 90 [CEB93]. It was investigated whether 
these approaches can also be used to describe the mechanical behaviour of the newly 
developed fine grained binder systems. A very good approximation of the experimentally 
determined stress-strain relations was achieved by using the formulas of the Model Code 90 
[CEB93] or German Standard [DIN 1045-1], if in addition the significantly lower stiffness 
CHAPTER 8
SUMMARY AND CONCLUSION
The newly developed fine grained binder systems, which are a main component of the 
innovative composite of “Textile Reinforced Concrete” are characterised within this study to 
offer input parameters for a reliable dimensioning and modelling of TRC structures in future. 
The investigated mixtures PZ-0899-01, FA-1200-01 and RP-03-2E differ in matrix 
composition and hence in their mechanical and fracture mechanical characteristics. For these 
mixtures the material relations under compressive and tensile short-term static loads were 
determined and possible size effects investigated. In addition, the strain characteristics under 
sustained loads, i.e. uniaxial static compressive loads, were evaluated. 
Ordinary steel reinforced concrete is commonly used for compact or massive structures. In 
contrast, the new composite of TRC will be used for thin-structured elements of a thickness of 
about only 10 mm. As it is known that certain size effects can be observed for concrete 
structures (i.e. generally a reduction in strength with increasing specimen dimension or 
structure size), it was one objective of this study to carry out size effect analysis and define 
appropriate small-scaled specimen sizes for the determination of the mechanical 
characteristics; the smallest specimen dimensions featured only 10 x 10 x 10 mm³. To allow 
for an accurate testing of such miniature specimens, innovative and new specimen preparation 
techniques as well as testing procedures had to be developed taking into account specific 
accuracy requirements. 
Under compressive short-term static loads the compressive strength, Young’s modulus and 
strain at ultimate load were determined. As a result of the high precision of the specimen 
production and testing procedure the known fracture patterns of double-truncated pyramids 
could be observed for these small-sized specimens. Furthermore, a low relative standard 
deviation of the compressive strengths below 9 % for mixtures PZ-0899-01 and FA-1200-01 
was obtained which clarifies again the high accuracy of the tests. 
For dimensioning and numerical analysis of ordinary concrete structures several mathematical 
approaches are known which describe the mechanical behaviour of concrete in compression, 
e.g. German Standard [DIN 1045-1] or Model Code 90 [CEB93]. It was investigated whether 
these approaches can also be used to describe the mechanical behaviour of the newly 
developed fine grained binder systems. A very good approximation of the experimentally 
determined stress-strain relations was achieved by using the formulas of the Model Code 90 
[CEB93] or German Standard [DIN 1045-1], if in addition the significantly lower stiffness 
CHAPTER 8
SUMMARY AND CONCLUSION
The newly developed fine grained binder systems, which are a main component of the 
innovative composite of “Textile Reinforced Concrete” are characterised within this study to 
offer input parameters for a reliable dimensioning and modelling of TRC structures in future. 
The investigated mixtures PZ-0899-01, FA-1200-01 and RP-03-2E differ in matrix 
composition and hence in their mechanical and fracture mechanical characteristics. For these 
mixtures the material relations under compressive and tensile short-term static loads were 
determined and possible size effects investigated. In addition, the strain characteristics under 
sustained loads, i.e. uniaxial static compressive loads, were evaluated. 
Ordinary steel reinforced concrete is commonly used for compact or massive structures. In 
contrast, the new composite of TRC will be used for thin-structured elements of a thickness of 
about only 10 mm. As it is known that certain size effects can be observed for concrete 
structures (i.e. generally a reduction in strength with increasing specimen dimension or 
structure size), it was one objective of this study to carry out size effect analysis and define 
appropriate small-scaled specimen sizes for the determination of the mechanical 
characteristics; the smallest specimen dimensions featured only 10 x 10 x 10 mm³. To allow 
for an accurate testing of such miniature specimens, innovative and new specimen preparation 
techniques as well as testing procedures had to be developed taking into account specific 
accuracy requirements. 
Under compressive short-term static loads the compressive strength, Young’s modulus and 
strain at ultimate load were determined. As a result of the high precision of the specimen 
production and testing procedure the known fracture patterns of double-truncated pyramids 
could be observed for these small-sized specimens. Furthermore, a low relative standard 
deviation of the compressive strengths below 9 % for mixtures PZ-0899-01 and FA-1200-01 
was obtained which clarifies again the high accuracy of the tests. 
For dimensioning and numerical analysis of ordinary concrete structures several mathematical 
approaches are known which describe the mechanical behaviour of concrete in compression, 
e.g. German Standard [DIN 1045-1] or Model Code 90 [CEB93]. It was investigated whether 
these approaches can also be used to describe the mechanical behaviour of the newly 
developed fine grained binder systems. A very good approximation of the experimentally 
determined stress-strain relations was achieved by using the formulas of the Model Code 90 
[CEB93] or German Standard [DIN 1045-1], if in addition the significantly lower stiffness 
8 Summary and conclusion180
and high deformations of fine grained concrete in comparison to ordinary concrete of similar 
compressive strengths were taken into account. Furthermore appropriate input parameters 
were determined, which allow to apply simplified stress-strain relations for dimensioning like 
parabola-rectangle or bi-linear diagrams according to the Model Code 90 [CEB93] or German 
Standard [DIN 1045-1]. 
Under sustained loads the creep deformation as well as static fatigue were determined. In 
comparison with ordinary concrete higher creep strains were obtained. The highest specific 
creep strains were determined for mixture FA-1200-01 with a high content of fly ash. The 
creep coefficients are similar to those of ordinary concrete, and a creep coefficient ? ? 2 is 
recommended for the standard mixture PZ-0899-01. The static fatigue was found at stress 
levels similar to those of ordinary concrete, i.e. a stress level of 0.80 fc may be assumed for 
fine grained concrete. The applicability of the prediction model of the Model Code 90 
[CEB93], which for ordinary concrete allows for a (long-term) prediction of basic creep 
strains and characteristic creep parameters at any concrete age only on basis of the 
compressive strength, was investigated. It was found that this model may be applied, if the 
experimentally determined Young’s moduli and strains at ultimate load were used as input 
parameters. In general, a very good congruence of the measured and predicted creep strains 
was obtained within the considered testing duration of about 250 days. 
In regard to short-term tensile loads the mechanical characteristics, i.e. the tensile strength, 
Young’s modulus and strain at ultimate load were derived from the ?-? relations determined 
by uniaxial tension tests. 3-point bend tests were carried out to derive fracture mechanical 
parameters and evaluate the softening behaviour of the investigated mixtures. Due to the high 
binder content and small maximum grain size the fine grained concrete showed a more 
homogeneous structure and consequently a less ductile fracture behaviour in comparison to 
ordinary concrete. It was not possible to say with certainty if these homogeneous mixtures 
would show a quasi-brittle fracture behaviour which could be described sufficiently well by 
linear elastic fracture mechanics. However, a general applicability of LEFM could not be 
proved due to a significant size dependence of the fracture toughness KIc and fracture energy 
release rate GIc. Consequently, non-linear elastic fracture mechanics i.e. the fictitious crack 
model [Hil83] was applied for evaluating the softening behaviour. This models the onset and 
growing of fracture by a discrete crack, and the softening behaviour within the fracture zone 
by a stress versus crack opening relation ?-w. As it was the aim to determine this softening 
behaviour of the newly developed material as realistic as possible, a multi-linear shape of the 
?-w curves was chosen. Such a multi-linear approach guarantees a general mathematical 
description of any possible relation without any limitations. In general, the most common 
approach to derive such a ?-w curve is by means of an inverse fitting procedure using FE 
analysis and experimental results of e.g. a notched 3-point bend test. Such FE analysis was 
carried out within this study, but this generally is time-consuming and requires special 
knowledge of the applied FE programmes.
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To offer a less time-consuming method, within this study a newly developed analytical
approach was proposed to derive multi-linear ?-w curves directly from the results of notched 
3-point bend tests. To gain information on the surface deformations within the compression 
and tension zone as well as the crack opening within the ligament of the 3-point bend 
specimens a non-contact video measuring technique was employed. With this technique the 
deformations and displacements of the fine grained concrete specimens could be measured 
with a very high precision. Using these measured data the multi-linear ?-w curves were 
determined by a step-by-step analytical calculation procedure based on the theory of the FCM 
and using conditions of equilibrium of forces. The softening relations thus determined 
represent the fracture behaviour of fine grained concrete very well. The extremely good 
congruence of these ?-w curves with those determined by means of FE analysis supports this 
statement. Also, the good congruence between fracture energies Gf derived from the load-
displacement curves of the 3-point bend tests with those derived from the analytically 
determined ?-w curves (Gf,AN) showed the feasibility of the proposed analytical model. The 
fact, that both methods determine the fracture energy independent of each other and are based 
on different characteristic parameters of the experiment, affirms this all the more. Hence, with 
the analytical model an appropriate tool to determine and evaluate the fracture behaviour of 
fine grained concrete was developed. By further improving the accuracy of the video 
measuring technique and implemented calculation routines this model could also be used for 
other materials and specimen dimensions and offer a simple and time efficient evaluation 
method. 
A comparison of the derived softening curves of fine grained concrete with softening curves 
of ordinary concrete showed a significantly less ductile fracture. Consequently, the 
mathematical approximations of ?-w relations known from ordinary concrete, e.g. linear, bi-
linear or exponential approaches, did not apply in the known forms to fine grained concrete. 
Thus, so far, the derivation of multi-linear ?-w curves for the newly developed matrix 
systems for TRC has been considered essential for providing the required input parameters for 
a numerical modelling of complex TRC structures and further development of dimensioning 
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However, the net flexural strength (notched specimens) as well as the flexural strength of non-
notched beams showed a significant strength reduction with increasing specimen size (beam 
depth). According to the FCM these size effects are explained by the development of the FPZ. 
With increasing specimen size the extension of this FPZ is smaller in relation to the beam 
depth. If the flexural strength is required for dimensioning TRC structures, the observed size 
dependence must be taken into account either by carrying out FE analysis or 
increase/reduction factors as suggested within this thesis. 
In regard to dimensioning for the case of tension the stress-crack opening relations are of 
importance and were also determined using different specimen sizes and investigated for 
possible size effects. In accordance with the theory of the FCM the tension softening 
behaviour (?-w) was found to be independent of size as analysed by means of FE analysis as 
well as the analytical model. Consequently, the corresponding tensile strength ft and fracture 
energy Gf were considered as constant material characteristics and may be used for further 
dimensioning and numerical analysis. 
As a further aspect the influence of complete carbonation on the mechanical behaviour 
(short-term static loads under compression and tension) was investigated for mixture FA-
1200-01. A complete carbonation of this mixture lead to a significant reduction of stiffness as 
well as compressive, tensile and net flexural strength. Hence, the aspect of climatic conditions 
and a possible carbonation of structure should be taken into account, if TRC structures are 
dimensioned for long-term use. However, the tension softening behaviour, i.e. the shape of 
the ?-w curve, was not significantly influenced by the considered storage conditions. The 
fracture behaviour of this mixture seemed to be dominated more by mechanical aspects, e.g. 
the amount of cement paste and aggregates, which are not influenced by the climatic 
conditions, than by the structural changes of the cement paste due to e.g. carbonation 
processes.
The investigations of this study, which only consider the matrix as a main component of TRC, 
are essential for the development of dimensioning standards for the innovative composite 
material. To date it had not been known, if e.g. the German Standard or the Model Code 90 as 
an international standard describe the mechanical properties of fine grained concrete. For fine 
grained concrete the amount of experimental data is not sufficient yet for empirical
considerations, which allow for general formulas based only on the compressive strength, as 
given in the dimensioning standards of ordinary concrete. The tests carried out within this 
study were restricted to certain mixtures, testing ages and climatic conditions. Hence, 
additional data will be required for further reliable empirical and statistical evaluations. 
Nevertheless, the knowledge of the mechanical characteristics and fracture behaviour 
determined within this thesis for three basically different fine grained concrete mixtures will 
simplify a systematic matrix design in the future. 
This study has shown in principle that the mathematical formulations of the German and 
International Standards give a good approximation of the material behaviour, if the specific 
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stiffness and strain characteristic of fine grained concrete are taken into account. As a 
consequence, the mechanical and fracture mechanical parameters as well as the ?-? relations 
for uniaxial compression and the ?-w relations for tension softening may be used for further 
dimensioning and numerical modelling, if the investigated mixtures are used as matrix of 
structural TRC elements.  
In order to give an overview of the results the main experimentally determined characteristic 
parameters are listed in Table A.10.13, Appendix, for the investigated mixtures. In 
Table A.10.14, Appendix, the results of mixture FA-1200-01 at a testing age of 56 days are 
listed for the considered different storage conditions. 
The proposed characteristic design values of fine grained concrete required for dimensioning 
and modelling TRC structures are listed in Table 8.1. 
8 Summary and conclusion 183
stiffness and strain characteristic of fine grained concrete are taken into account. As a 
consequence, the mechanical and fracture mechanical parameters as well as the ?-? relations 
for uniaxial compression and the ?-w relations for tension softening may be used for further 
dimensioning and numerical modelling, if the investigated mixtures are used as matrix of 
structural TRC elements.  
In order to give an overview of the results the main experimentally determined characteristic 
parameters are listed in Table A.10.13, Appendix, for the investigated mixtures. In 
Table A.10.14, Appendix, the results of mixture FA-1200-01 at a testing age of 56 days are 
listed for the considered different storage conditions. 
The proposed characteristic design values of fine grained concrete required for dimensioning 
and modelling TRC structures are listed in Table 8.1. 
8 Summary and conclusion 183
stiffness and strain characteristic of fine grained concrete are taken into account. As a 
consequence, the mechanical and fracture mechanical parameters as well as the ?-? relations 
for uniaxial compression and the ?-w relations for tension softening may be used for further 
dimensioning and numerical modelling, if the investigated mixtures are used as matrix of 
structural TRC elements.  
In order to give an overview of the results the main experimentally determined characteristic 
parameters are listed in Table A.10.13, Appendix, for the investigated mixtures. In 
Table A.10.14, Appendix, the results of mixture FA-1200-01 at a testing age of 56 days are 
listed for the considered different storage conditions. 
The proposed characteristic design values of fine grained concrete required for dimensioning 
and modelling TRC structures are listed in Table 8.1. 
8 Summary and conclusion 183
stiffness and strain characteristic of fine grained concrete are taken into account. As a 
consequence, the mechanical and fracture mechanical parameters as well as the ?-? relations 
for uniaxial compression and the ?-w relations for tension softening may be used for further 
dimensioning and numerical modelling, if the investigated mixtures are used as matrix of 
structural TRC elements.  
In order to give an overview of the results the main experimentally determined characteristic 
parameters are listed in Table A.10.13, Appendix, for the investigated mixtures. In 
Table A.10.14, Appendix, the results of mixture FA-1200-01 at a testing age of 56 days are 
listed for the considered different storage conditions. 
The proposed characteristic design values of fine grained concrete required for dimensioning 
and modelling TRC structures are listed in Table 8.1. 
8 Summary and conclusion184
Table 8.1. Dimensioning parameters of fine grained concrete derived from experimental results. 
Characteristic parameters  Section PZ-0899-01 FA-1200-01 RP-03-2E
fine grained concrete MC 901)      
Characteristic compressive 
strength fc,?=1
fck,cube N/mm² 95 45 150 
Geometry factor k k - 0.9 
Characteristic compressive 
strength fc,?=4
2) fck,cyl  N/mm²
4.3.3, 
Table A.10.6 
86 40 135 
Safety factor for 
compression ?c ?c - 4.4.3 1.5 
?3) 4.4.3 (0.80) (0.85) (0.90) 
General ?
? - 
 0.80 
Design compressive 
strength fcd
fcd N/mm²
4.4.3, 
Eq. 2.8, 
Table 4.8 
46 21 72 
Young’s modulus Ec Ecm
4) N/mm² 4.4.3, Table 4.6 
32 000 22 000 28 500 
Stress-strain curve, 
mathematical approach ?-? - 
Mathematical ?-? curve, Eq. 2.1 and 2.2 with input 
parameters of Table 4.6, Section 4.3.3 
Simplified parabola-rectangle ?-?? diagram, Eq. 2.6 with input parameters of Table 4.8 
Compressive strain at 
ultimate load ?c1 ?c1 4.5 3.5 5.0 
Ultimate compressive 
strain ?cu ?cu
mm/m 4.3.3,  Table 4.8 
5.5 4.5 6.3 
Total creep strain ?cc,70a?? ?cc (70y,t0) mm/m 1.7 2.1 3.9 
Creep coefficient ?70a5) ? (70y,t0) - 
5.4.3, 
Table 5.3 
(Branson
hyperbola) 
1.7 3.7 2.7 
Tensile strength ft fct N/mm²
6.3.1, 
Table 6.3 4.0 3.0 5.0 
5.06) 3.46) 5.86)
Flexural strength ffl fct,fl N/mm² Table 6.9 size effects must be regarded, e.g. 
FCM and FE analysis, Section 6.4.2.1
Stress-crack width curve 
?-w ?-w - Section 6.3.2.4, Table 6.11, FE analysis 
Fracture energy Gf Gf N/m 42 26 16 
Characteristic length lch lch mm 
6.3.2.4, 
Table 6.7 86 70 18 
1) MC 90 is Model Code 90 [CEB93] 
2) fc,?=4 = k fc,?=1, 28 days sealed storage (20 °C), then 20 °C and 65 % RH 
3) The parameter ? is used in [DIN 1045-1] and represents the stress level of the static fatigue 
4) Ecm for stress level 0.43 fc according to [CEB93], here Ec corresponds to stress level 0.33 fc
5) ?cc,70a and ?70a for a stress level 0.42 fc for mixture PZ-0899-01 and FA-1200-01, and 0.33 fc for mixture RP-03-2E 
6) values for beam depth d of 40 mm 
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Table A.10.1.Load rates and length of strain gauges for compression tests. 
Specimen 
dimension  
Load rates Length of strain gauges 
in mm 
b x d x l 1) in mm - PZ-0899-01 FA-1200-01 RP-03-2E axial transverse 
10 x 10 x 10 0.2 0.1 0.3 - 
20 x 20 x 20 0.4 0.3 0.7 6 
40 x 40 x 40 
mm/min 
1.4 0.8 1.6 10 
-
80 x 80 x 80 6.5 3.5 10.0 - 
100 x 100 x 100 
kN/sec
10.0 5.0 15.0 - 
-
10 x 10 x 20 0.2 0.1 0.3 6 
20 x 20 x 40 0.4 0.3 0.8 10 
40 x 40 x 80 
mm/min 
1.4 1.0 1.9 20 
-
80 x 80 x 160 kN/sec 6.5 3.5 10.0 - 20 
10 x 10 x 40 0.2 0.2 0.4 10 
20 x 20 x 80 0.5 0.4 1.0 20 
40 x 40 x 160 
mm/min 
1.8 1.2 2.2 50 
-
80 x 80 x 320 kN/sec 6.5 3.5 10.0 - 20 
1) l – length, b – width, d – thickness of specimen 
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Table A.10.1.Load rates and length of strain gauges for compression tests. 
Specimen 
dimension  
Load rates Length of strain gauges 
in mm 
b x d x l 1) in mm - PZ-0899-01 FA-1200-01 RP-03-2E axial transverse 
10 x 10 x 10 0.2 0.1 0.3 - 
20 x 20 x 20 0.4 0.3 0.7 6 
40 x 40 x 40 
mm/min 
1.4 0.8 1.6 10 
-
80 x 80 x 80 6.5 3.5 10.0 - 
100 x 100 x 100 
kN/sec
10.0 5.0 15.0 - 
-
10 x 10 x 20 0.2 0.1 0.3 6 
20 x 20 x 40 0.4 0.3 0.8 10 
40 x 40 x 80 
mm/min 
1.4 1.0 1.9 20 
-
80 x 80 x 160 kN/sec 6.5 3.5 10.0 - 20 
10 x 10 x 40 0.2 0.2 0.4 10 
20 x 20 x 80 0.5 0.4 1.0 20 
40 x 40 x 160 
mm/min 
1.8 1.2 2.2 50 
-
80 x 80 x 320 kN/sec 6.5 3.5 10.0 - 20 
1) l – length, b – width, d – thickness of specimen 
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Table A.10.1.Load rates and length of strain gauges for compression tests. 
Specimen 
dimension  
Load rates Length of strain gauges 
in mm 
b x d x l 1) in mm - PZ-0899-01 FA-1200-01 RP-03-2E axial transverse 
10 x 10 x 10 0.2 0.1 0.3 - 
20 x 20 x 20 0.4 0.3 0.7 6 
40 x 40 x 40 
mm/min 
1.4 0.8 1.6 10 
-
80 x 80 x 80 6.5 3.5 10.0 - 
100 x 100 x 100 
kN/sec
10.0 5.0 15.0 - 
-
10 x 10 x 20 0.2 0.1 0.3 6 
20 x 20 x 40 0.4 0.3 0.8 10 
40 x 40 x 80 
mm/min 
1.4 1.0 1.9 20 
-
80 x 80 x 160 kN/sec 6.5 3.5 10.0 - 20 
10 x 10 x 40 0.2 0.2 0.4 10 
20 x 20 x 80 0.5 0.4 1.0 20 
40 x 40 x 160 
mm/min 
1.8 1.2 2.2 50 
-
80 x 80 x 320 kN/sec 6.5 3.5 10.0 - 20 
1) l – length, b – width, d – thickness of specimen 
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Table A.10.1.Load rates and length of strain gauges for compression tests. 
Specimen 
dimension  
Load rates Length of strain gauges 
in mm 
b x d x l 1) in mm - PZ-0899-01 FA-1200-01 RP-03-2E axial transverse 
10 x 10 x 10 0.2 0.1 0.3 - 
20 x 20 x 20 0.4 0.3 0.7 6 
40 x 40 x 40 
mm/min 
1.4 0.8 1.6 10 
-
80 x 80 x 80 6.5 3.5 10.0 - 
100 x 100 x 100 
kN/sec
10.0 5.0 15.0 - 
-
10 x 10 x 20 0.2 0.1 0.3 6 
20 x 20 x 40 0.4 0.3 0.8 10 
40 x 40 x 80 
mm/min 
1.4 1.0 1.9 20 
-
80 x 80 x 160 kN/sec 6.5 3.5 10.0 - 20 
10 x 10 x 40 0.2 0.2 0.4 10 
20 x 20 x 80 0.5 0.4 1.0 20 
40 x 40 x 160 
mm/min 
1.8 1.2 2.2 50 
-
80 x 80 x 320 kN/sec 6.5 3.5 10.0 - 20 
1) l – length, b – width, d – thickness of specimen 
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Table A.10.2.Results of compression tests - standard and relative standard deviations - PZ-0899- 01. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ?  Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 94.0 1.2 1.3 - - 
20 x 20 x 20 94.6 6.7 7.1 28 400 3300 13.4 5.74 0.06 1.1 
40 x 40 x 40 101.2 0.5 0.5 30 400 1200 3.8 5.30 0.54 10.3 
80 x 80 x 80 80.6 2.8 3.5 
100 x 100 x 100 
1
81.2 3.2 4.0 
- - 
10 x 10 x 20 98.9 8.7 8.8 33 600 1400 4.1 4.88 0.55 11.3 
20 x 20 x 40 95.1 2.5 2.7 30 400 1300 4.1 5.70 0.07 1.2 
40 x 40 x 80 89.6 0.7 0.8 30 600 100 0.4 5.49 0.11 1.9 
80 x 80 x 160 
2
78.4 1.0 1.3 - - 
10 x 10 x 40 82.9 2.0 1.4 32 500 500 1.5 3.87 0.42 10.8 
20 x 20 x 80 89.1 1.0 1.1 31 100 900 2.9 4.95 0.10 2.0 
40 x 40 x 160 87.4 1.2 1.3 31 400 500 1.6 4.85 0.41 8.4 
80 x 80 x 320 
4
75.1 2.4 3.2 - - 
1) – length, b – width, d – thickness of specimen 
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Table A.10.2.Results of compression tests - standard and relative standard deviations - PZ-0899- 01. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ?  Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 94.0 1.2 1.3 - - 
20 x 20 x 20 94.6 6.7 7.1 28 400 3300 13.4 5.74 0.06 1.1 
40 x 40 x 40 101.2 0.5 0.5 30 400 1200 3.8 5.30 0.54 10.3 
80 x 80 x 80 80.6 2.8 3.5 
100 x 100 x 100 
1
81.2 3.2 4.0 
- - 
10 x 10 x 20 98.9 8.7 8.8 33 600 1400 4.1 4.88 0.55 11.3 
20 x 20 x 40 95.1 2.5 2.7 30 400 1300 4.1 5.70 0.07 1.2 
40 x 40 x 80 89.6 0.7 0.8 30 600 100 0.4 5.49 0.11 1.9 
80 x 80 x 160 
2
78.4 1.0 1.3 - - 
10 x 10 x 40 82.9 2.0 1.4 32 500 500 1.5 3.87 0.42 10.8 
20 x 20 x 80 89.1 1.0 1.1 31 100 900 2.9 4.95 0.10 2.0 
40 x 40 x 160 87.4 1.2 1.3 31 400 500 1.6 4.85 0.41 8.4 
80 x 80 x 320 
4
75.1 2.4 3.2 - - 
1) – length, b – width, d – thickness of specimen 
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Table A.10.2.Results of compression tests - standard and relative standard deviations - PZ-0899- 01. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ?  Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 94.0 1.2 1.3 - - 
20 x 20 x 20 94.6 6.7 7.1 28 400 3300 13.4 5.74 0.06 1.1 
40 x 40 x 40 101.2 0.5 0.5 30 400 1200 3.8 5.30 0.54 10.3 
80 x 80 x 80 80.6 2.8 3.5 
100 x 100 x 100 
1
81.2 3.2 4.0 
- - 
10 x 10 x 20 98.9 8.7 8.8 33 600 1400 4.1 4.88 0.55 11.3 
20 x 20 x 40 95.1 2.5 2.7 30 400 1300 4.1 5.70 0.07 1.2 
40 x 40 x 80 89.6 0.7 0.8 30 600 100 0.4 5.49 0.11 1.9 
80 x 80 x 160 
2
78.4 1.0 1.3 - - 
10 x 10 x 40 82.9 2.0 1.4 32 500 500 1.5 3.87 0.42 10.8 
20 x 20 x 80 89.1 1.0 1.1 31 100 900 2.9 4.95 0.10 2.0 
40 x 40 x 160 87.4 1.2 1.3 31 400 500 1.6 4.85 0.41 8.4 
80 x 80 x 320 
4
75.1 2.4 3.2 - - 
1) – length, b – width, d – thickness of specimen 
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Table A.10.2.Results of compression tests - standard and relative standard deviations - PZ-0899- 01. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ?  Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 94.0 1.2 1.3 - - 
20 x 20 x 20 94.6 6.7 7.1 28 400 3300 13.4 5.74 0.06 1.1 
40 x 40 x 40 101.2 0.5 0.5 30 400 1200 3.8 5.30 0.54 10.3 
80 x 80 x 80 80.6 2.8 3.5 
100 x 100 x 100 
1
81.2 3.2 4.0 
- - 
10 x 10 x 20 98.9 8.7 8.8 33 600 1400 4.1 4.88 0.55 11.3 
20 x 20 x 40 95.1 2.5 2.7 30 400 1300 4.1 5.70 0.07 1.2 
40 x 40 x 80 89.6 0.7 0.8 30 600 100 0.4 5.49 0.11 1.9 
80 x 80 x 160 
2
78.4 1.0 1.3 - - 
10 x 10 x 40 82.9 2.0 1.4 32 500 500 1.5 3.87 0.42 10.8 
20 x 20 x 80 89.1 1.0 1.1 31 100 900 2.9 4.95 0.10 2.0 
40 x 40 x 160 87.4 1.2 1.3 31 400 500 1.6 4.85 0.41 8.4 
80 x 80 x 320 
4
75.1 2.4 3.2 - - 
1) – length, b – width, d – thickness of specimen 
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Table A.10.3.Results of compression tests - standard and relative standard deviations - FA-1200-01. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ? ? Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 42.7 3.7 8.6 - - 
20 x 20 x 20 43.4 3.0 6.9 15 200 1700 11.5 5.16 0.18 3.6 
40 x 40 x 40 44.9 1.7 3.7 20 600 1700 8.1 5.17 0.38 7.4 
80 x 80 x 80 40.5 1.0 2.4 
100 x 100 x 100 
1
40.9 1.0 2.5 
- - 
10 x 10 x 20 47.5 2.8 5.9 23 800 1700 7.2 3.82 0.50 13.1 
20 x 20 x 40 39.8 0.9 2.4 22 600 900 3.8 4.44 0.32 7.32 
40 x 40 x 80 37.5 0.1 0.2 22 100 800 3.6 3.98 0.14 3.4 
80 x 80 x 160 
2
34.8 1.5 4.2 - - 
10 x 10 x 40 43.1 0.5 1.2 21 700 400 2.0 4.25 0.07 1.8 
20 x 20 x 80 38.2 1.5 4.0 22 600 70 0.3 3.38 0.55 16.2 
40 x 40 x 160 36.5 0.5 1.5 21 900 200 1.0 3.32 0.07 2.2 
80 x 80 x 320 
4
37.4 1.1 3.0 - - 
1) l – length, b – width, d – thickness of specimen 
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Table A.10.3.Results of compression tests - standard and relative standard deviations - FA-1200-01. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ? ? Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 42.7 3.7 8.6 - - 
20 x 20 x 20 43.4 3.0 6.9 15 200 1700 11.5 5.16 0.18 3.6 
40 x 40 x 40 44.9 1.7 3.7 20 600 1700 8.1 5.17 0.38 7.4 
80 x 80 x 80 40.5 1.0 2.4 
100 x 100 x 100 
1
40.9 1.0 2.5 
- - 
10 x 10 x 20 47.5 2.8 5.9 23 800 1700 7.2 3.82 0.50 13.1 
20 x 20 x 40 39.8 0.9 2.4 22 600 900 3.8 4.44 0.32 7.32 
40 x 40 x 80 37.5 0.1 0.2 22 100 800 3.6 3.98 0.14 3.4 
80 x 80 x 160 
2
34.8 1.5 4.2 - - 
10 x 10 x 40 43.1 0.5 1.2 21 700 400 2.0 4.25 0.07 1.8 
20 x 20 x 80 38.2 1.5 4.0 22 600 70 0.3 3.38 0.55 16.2 
40 x 40 x 160 36.5 0.5 1.5 21 900 200 1.0 3.32 0.07 2.2 
80 x 80 x 320 
4
37.4 1.1 3.0 - - 
1) l – length, b – width, d – thickness of specimen 
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Table A.10.3.Results of compression tests - standard and relative standard deviations - FA-1200-01. 
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Slender-
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Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ? ? Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
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stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
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20 x 20 x 20 43.4 3.0 6.9 15 200 1700 11.5 5.16 0.18 3.6 
40 x 40 x 40 44.9 1.7 3.7 20 600 1700 8.1 5.17 0.38 7.4 
80 x 80 x 80 40.5 1.0 2.4 
100 x 100 x 100 
1
40.9 1.0 2.5 
- - 
10 x 10 x 20 47.5 2.8 5.9 23 800 1700 7.2 3.82 0.50 13.1 
20 x 20 x 40 39.8 0.9 2.4 22 600 900 3.8 4.44 0.32 7.32 
40 x 40 x 80 37.5 0.1 0.2 22 100 800 3.6 3.98 0.14 3.4 
80 x 80 x 160 
2
34.8 1.5 4.2 - - 
10 x 10 x 40 43.1 0.5 1.2 21 700 400 2.0 4.25 0.07 1.8 
20 x 20 x 80 38.2 1.5 4.0 22 600 70 0.3 3.38 0.55 16.2 
40 x 40 x 160 36.5 0.5 1.5 21 900 200 1.0 3.32 0.07 2.2 
80 x 80 x 320 
4
37.4 1.1 3.0 - - 
1) l – length, b – width, d – thickness of specimen 
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Table A.10.3.Results of compression tests - standard and relative standard deviations - FA-1200-01. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ? ? Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 42.7 3.7 8.6 - - 
20 x 20 x 20 43.4 3.0 6.9 15 200 1700 11.5 5.16 0.18 3.6 
40 x 40 x 40 44.9 1.7 3.7 20 600 1700 8.1 5.17 0.38 7.4 
80 x 80 x 80 40.5 1.0 2.4 
100 x 100 x 100 
1
40.9 1.0 2.5 
- - 
10 x 10 x 20 47.5 2.8 5.9 23 800 1700 7.2 3.82 0.50 13.1 
20 x 20 x 40 39.8 0.9 2.4 22 600 900 3.8 4.44 0.32 7.32 
40 x 40 x 80 37.5 0.1 0.2 22 100 800 3.6 3.98 0.14 3.4 
80 x 80 x 160 
2
34.8 1.5 4.2 - - 
10 x 10 x 40 43.1 0.5 1.2 21 700 400 2.0 4.25 0.07 1.8 
20 x 20 x 80 38.2 1.5 4.0 22 600 70 0.3 3.38 0.55 16.2 
40 x 40 x 160 36.5 0.5 1.5 21 900 200 1.0 3.32 0.07 2.2 
80 x 80 x 320 
4
37.4 1.1 3.0 - - 
1) l – length, b – width, d – thickness of specimen 
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Table A.10.4.Results of compression tests - standard and relative standard deviations - RP-03-2E. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ? ? Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 146.9 11.2 7.6 - - 
20 x 20 x 20 150.3 15.2 10.1 26 700 1500 5.7 6.27 0.87 13.8 
40 x 40 x 40 153.0 3.0 2.0 28 200 1700 6.1 6.77 0.23 3.4 
80 x 80 x 80 120.4 6.1 5.1 30 100 1200 4.8 5.28 0.21 4.0 
100 x 100 x 100 
1
118.5 26.6 22.4 - - 
10 x 10 x 20 156.8 10.1 6.5 28 400 200 0.7 7.44 0.61 8.2 
20 x 20 x 40 153.2 9.2 6.0 28 600 700 2.4 6.82 0.59 8.7 
40 x 40 x 80 154.2 3.5 2.3 28 900 200 0.8 6.85 0.24 3.5 
80 x 80 x 160 
2
119.7 5.9 5.0 - - 
10 x 10 x 40 135.2 13.6 10.0 29 200 400 1.4 4.89 0.04 0.0 
20 x 20 x 80 127.6 18.6 14.6 28 300 100 0.4 6.01 0.35 5.9 
40 x 40 x 160 143.1 12.2 8.5 28 400 100 0.4 6.28 0.76 6.1 
80 x 80 x 320 
4
101.9 6.2 6.1 - - 
l) – length, b – width, d – thickness of specimen 
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Table A.10.4.Results of compression tests - standard and relative standard deviations - RP-03-2E. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ? ? Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
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80 x 80 x 80 120.4 6.1 5.1 30 100 1200 4.8 5.28 0.21 4.0 
100 x 100 x 100 
1
118.5 26.6 22.4 - - 
10 x 10 x 20 156.8 10.1 6.5 28 400 200 0.7 7.44 0.61 8.2 
20 x 20 x 40 153.2 9.2 6.0 28 600 700 2.4 6.82 0.59 8.7 
40 x 40 x 80 154.2 3.5 2.3 28 900 200 0.8 6.85 0.24 3.5 
80 x 80 x 160 
2
119.7 5.9 5.0 - - 
10 x 10 x 40 135.2 13.6 10.0 29 200 400 1.4 4.89 0.04 0.0 
20 x 20 x 80 127.6 18.6 14.6 28 300 100 0.4 6.01 0.35 5.9 
40 x 40 x 160 143.1 12.2 8.5 28 400 100 0.4 6.28 0.76 6.1 
80 x 80 x 320 
4
101.9 6.2 6.1 - - 
l) – length, b – width, d – thickness of specimen 
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Table A.10.4.Results of compression tests - standard and relative standard deviations - RP-03-2E. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ? ? Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 146.9 11.2 7.6 - - 
20 x 20 x 20 150.3 15.2 10.1 26 700 1500 5.7 6.27 0.87 13.8 
40 x 40 x 40 153.0 3.0 2.0 28 200 1700 6.1 6.77 0.23 3.4 
80 x 80 x 80 120.4 6.1 5.1 30 100 1200 4.8 5.28 0.21 4.0 
100 x 100 x 100 
1
118.5 26.6 22.4 - - 
10 x 10 x 20 156.8 10.1 6.5 28 400 200 0.7 7.44 0.61 8.2 
20 x 20 x 40 153.2 9.2 6.0 28 600 700 2.4 6.82 0.59 8.7 
40 x 40 x 80 154.2 3.5 2.3 28 900 200 0.8 6.85 0.24 3.5 
80 x 80 x 160 
2
119.7 5.9 5.0 - - 
10 x 10 x 40 135.2 13.6 10.0 29 200 400 1.4 4.89 0.04 0.0 
20 x 20 x 80 127.6 18.6 14.6 28 300 100 0.4 6.01 0.35 5.9 
40 x 40 x 160 143.1 12.2 8.5 28 400 100 0.4 6.28 0.76 6.1 
80 x 80 x 320 
4
101.9 6.2 6.1 - - 
l) – length, b – width, d – thickness of specimen 
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Table A.10.4.Results of compression tests - standard and relative standard deviations - RP-03-2E. 
Specimen 
dimension 
Slender-
ness
Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
b x d x l 1) ? ? Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
mm³ - N/mm² % N/mm² % mm/m % 
10 x 10 x 10 146.9 11.2 7.6 - - 
20 x 20 x 20 150.3 15.2 10.1 26 700 1500 5.7 6.27 0.87 13.8 
40 x 40 x 40 153.0 3.0 2.0 28 200 1700 6.1 6.77 0.23 3.4 
80 x 80 x 80 120.4 6.1 5.1 30 100 1200 4.8 5.28 0.21 4.0 
100 x 100 x 100 
1
118.5 26.6 22.4 - - 
10 x 10 x 20 156.8 10.1 6.5 28 400 200 0.7 7.44 0.61 8.2 
20 x 20 x 40 153.2 9.2 6.0 28 600 700 2.4 6.82 0.59 8.7 
40 x 40 x 80 154.2 3.5 2.3 28 900 200 0.8 6.85 0.24 3.5 
80 x 80 x 160 
2
119.7 5.9 5.0 - - 
10 x 10 x 40 135.2 13.6 10.0 29 200 400 1.4 4.89 0.04 0.0 
20 x 20 x 80 127.6 18.6 14.6 28 300 100 0.4 6.01 0.35 5.9 
40 x 40 x 160 143.1 12.2 8.5 28 400 100 0.4 6.28 0.76 6.1 
80 x 80 x 320 
4
101.9 6.2 6.1 - - 
l) – length, b – width, d – thickness of specimen 
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Table A.10.5. Mean values from experiments (specimen sizes d = 10, 20, 40 mm with a slenderness 
? = 4) as input parameters for mathematical approximations of ?-? curves.
Input parameter PZ-0899-01 FA-1200-01 RP-03-2E 
fc,10mm 82.9 43.1 135.2 
fc,20mm 89.1 38.2 127.6 
fc,40mm 87.4 36.5 143.1 
fc
1) mean value 
N/mm² 
86.5 39.3 135.3 
?c,1-10mm? 3.87 4.25 4.89 
?c,1-20mm 4.95 3.38 5.34 
?c,1-40mm? 4.85 3.32 6.28 
?c,12) mean value 
mm/m 
4.56 3.65 5.50 
Ecm-10mm 32 200 21 100 29 000 
Ecm-20mm 30 800 24 300 28 300 
Ecm-40mm 30 700 24 400 28 700 
Ecm
3) mean value 
N/mm² 
31 200 23 300 28 700 
Eci-10mm 34 200 23 000 29 500 
Eci-20mm 33 000 24 300 28 900 
Eci-40mm 32 600 24 300 32 000 
Eci
4) mean value 
N/mm² 
33 300 23 900 30 100 
1) fc  - ultimate compressive stress  
2) ?c1  - strain at ultimate compressive stress fc
3) Ecm  - secant modulus at 0.4 fc
4) Eci  - tangent modulus  
Table A.10.6. Mean compressive strengths (specimen sizes d = 10, 20, 40 mm with a slenderness 
? = 1 and 4 respectively) and geometry factor k. 
Input parameter PZ-0899-01 FA-1200-01 RP-03-2E 
fc,?=1 96.6 43.7 150.1 
fc,?=4
N/mm² 
86.5 39.3 135.3 
k = fc,??=4 / fc,??=1 - 0.90 0.90 0.90 
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Table A.10.5. Mean values from experiments (specimen sizes d = 10, 20, 40 mm with a slenderness 
? = 4) as input parameters for mathematical approximations of ?-? curves.
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33 300 23 900 30 100 
1) fc  - ultimate compressive stress  
2) ?c1  - strain at ultimate compressive stress fc
3) Ecm  - secant modulus at 0.4 fc
4) Eci  - tangent modulus  
Table A.10.6. Mean compressive strengths (specimen sizes d = 10, 20, 40 mm with a slenderness 
? = 1 and 4 respectively) and geometry factor k. 
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Table A.10.5. Mean values from experiments (specimen sizes d = 10, 20, 40 mm with a slenderness 
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Ecm-10mm 32 200 21 100 29 000 
Ecm-20mm 30 800 24 300 28 300 
Ecm-40mm 30 700 24 400 28 700 
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3) mean value 
N/mm² 
31 200 23 300 28 700 
Eci-10mm 34 200 23 000 29 500 
Eci-20mm 33 000 24 300 28 900 
Eci-40mm 32 600 24 300 32 000 
Eci
4) mean value 
N/mm² 
33 300 23 900 30 100 
1) fc  - ultimate compressive stress  
2) ?c1  - strain at ultimate compressive stress fc
3) Ecm  - secant modulus at 0.4 fc
4) Eci  - tangent modulus  
Table A.10.6. Mean compressive strengths (specimen sizes d = 10, 20, 40 mm with a slenderness 
? = 1 and 4 respectively) and geometry factor k. 
Input parameter PZ-0899-01 FA-1200-01 RP-03-2E 
fc,?=1 96.6 43.7 150.1 
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Table A.10.5. Mean values from experiments (specimen sizes d = 10, 20, 40 mm with a slenderness 
? = 4) as input parameters for mathematical approximations of ?-? curves.
Input parameter PZ-0899-01 FA-1200-01 RP-03-2E 
fc,10mm 82.9 43.1 135.2 
fc,20mm 89.1 38.2 127.6 
fc,40mm 87.4 36.5 143.1 
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1) mean value 
N/mm² 
86.5 39.3 135.3 
?c,1-10mm? 3.87 4.25 4.89 
?c,1-20mm 4.95 3.38 5.34 
?c,1-40mm? 4.85 3.32 6.28 
?c,12) mean value 
mm/m 
4.56 3.65 5.50 
Ecm-10mm 32 200 21 100 29 000 
Ecm-20mm 30 800 24 300 28 300 
Ecm-40mm 30 700 24 400 28 700 
Ecm
3) mean value 
N/mm² 
31 200 23 300 28 700 
Eci-10mm 34 200 23 000 29 500 
Eci-20mm 33 000 24 300 28 900 
Eci-40mm 32 600 24 300 32 000 
Eci
4) mean value 
N/mm² 
33 300 23 900 30 100 
1) fc  - ultimate compressive stress  
2) ?c1  - strain at ultimate compressive stress fc
3) Ecm  - secant modulus at 0.4 fc
4) Eci  - tangent modulus  
Table A.10.6. Mean compressive strengths (specimen sizes d = 10, 20, 40 mm with a slenderness 
? = 1 and 4 respectively) and geometry factor k. 
Input parameter PZ-0899-01 FA-1200-01 RP-03-2E 
fc,?=1 96.6 43.7 150.1 
fc,?=4
N/mm² 
86.5 39.3 135.3 
k = fc,??=4 / fc,??=1 - 0.90 0.90 0.90 
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Table A.10.7.Concrete strains from creep investigations after a testing duration of 200 to 248 days. 
Mixture Stress level Testing duration Elastic strain Shrinkage strain Basic creep strain
 k - ?ci ?cs ?cc
 - days mm/m 
0.43 0.99 1.42 
PZ-0899-01 
0.65
249
1.48
0.59
1.48
0.42 0.58 2.01 
FA-1200-01 
0.63
248
0.86
1.08
3.28
0.33 241 1.40 0.86 1.82 
RP-03-2E
0.49 200 2.09 0.90 2.69 
Table A.10.8. Maximum load Pmax of 3-point bend test, and flexural strengths ffl or ffl,net with relative 
standard deviations – PZ-0899-01, FA-1200-01, and RP-03-2E. 
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) d/b a/d Pmax ffl or 
ffl,net
Rel.
stand.
dev.
Pmax ffl or 
ffl,net
Rel.
stand.
dev.
Pmax ffl or 
ffl,net
Rel.
stand.
dev.
mm³ - - N N/mm² % N N/mm² % N N/mm² % 
10 x 10 x 60 0 138.48 10.12) 4.72) 83.74 6.32 4.72) 221.97 16.42) 0.22)
10 x 10 x 60 
1
69.50 9.1 3.1 38.25 4.9 3.1 56.27 7.8 0.6 
10 x 20 x 120 2 97.37 6.8 3.5 64.93 4.3 3.5 81.95 5.5 10.0 
10 x 40 x 240 4 
0.25
163.51 5.4 1.0 92.05 3.1 1.0 123.26 4.3 5.7 
20 x 20 x 120 0 465.53 8.72) 7.32) 278.60 5.22) 7.32) 648.23 12.12) 10.62)
20 x 20 x 120 
1
180.56 6.1 6.9 121.00 3.9 6.9 141.39 4.9 2.5 
20 x 40 x 240 2 312.77 5.2 4.8 186.00 3.1 4.8 313.28 5.5 3.0 
20 x 80 x 480 4 
0.25
541.89 4.4 1.7 324.15 2.7 1.7 401.61 3.3 9.7 
40 x 40 x 240 0 1621.18 7.42) 5.52 921.13 4.32) 5.52) 2140.22 10.02) 6.02)
40 x 40 x 240 0.25 563.90 4.6 6.5 331.62 2.7 6.5 532.28 4.4 5.8 
40 x 40 x 240 
1
0.50 280.16 5.3 11.5 172.07 3.3 4.6 259.38 4.9 0.4 
40 x 80 x 480 2 0 2184.00 5.0 11.4 1484.00 3.4 16.6 2502.00 5.8y 8.1 
40 x 80 x 480 2 0.25 1075.22 4.4 9.3 663.21 2.8 9.3 1 035.01 4.3 10.9 
1) b - width, d – beam depth, l - length 
2) ffl - flexural strength of the non-notched beam 
10 Appendix A - Tables204
Table A.10.7.Concrete strains from creep investigations after a testing duration of 200 to 248 days. 
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1
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Table A.10.7.Concrete strains from creep investigations after a testing duration of 200 to 248 days. 
Mixture Stress level Testing duration Elastic strain Shrinkage strain Basic creep strain
 k - ?ci ?cs ?cc
 - days mm/m 
0.43 0.99 1.42 
PZ-0899-01 
0.65
249
1.48
0.59
1.48
0.42 0.58 2.01 
FA-1200-01 
0.63
248
0.86
1.08
3.28
0.33 241 1.40 0.86 1.82 
RP-03-2E
0.49 200 2.09 0.90 2.69 
Table A.10.8. Maximum load Pmax of 3-point bend test, and flexural strengths ffl or ffl,net with relative 
standard deviations – PZ-0899-01, FA-1200-01, and RP-03-2E. 
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) d/b a/d Pmax ffl or 
ffl,net
Rel.
stand.
dev.
Pmax ffl or 
ffl,net
Rel.
stand.
dev.
Pmax ffl or 
ffl,net
Rel.
stand.
dev.
mm³ - - N N/mm² % N N/mm² % N N/mm² % 
10 x 10 x 60 0 138.48 10.12) 4.72) 83.74 6.32 4.72) 221.97 16.42) 0.22)
10 x 10 x 60 
1
69.50 9.1 3.1 38.25 4.9 3.1 56.27 7.8 0.6 
10 x 20 x 120 2 97.37 6.8 3.5 64.93 4.3 3.5 81.95 5.5 10.0 
10 x 40 x 240 4 
0.25
163.51 5.4 1.0 92.05 3.1 1.0 123.26 4.3 5.7 
20 x 20 x 120 0 465.53 8.72) 7.32) 278.60 5.22) 7.32) 648.23 12.12) 10.62)
20 x 20 x 120 
1
180.56 6.1 6.9 121.00 3.9 6.9 141.39 4.9 2.5 
20 x 40 x 240 2 312.77 5.2 4.8 186.00 3.1 4.8 313.28 5.5 3.0 
20 x 80 x 480 4 
0.25
541.89 4.4 1.7 324.15 2.7 1.7 401.61 3.3 9.7 
40 x 40 x 240 0 1621.18 7.42) 5.52 921.13 4.32) 5.52) 2140.22 10.02) 6.02)
40 x 40 x 240 0.25 563.90 4.6 6.5 331.62 2.7 6.5 532.28 4.4 5.8 
40 x 40 x 240 
1
0.50 280.16 5.3 11.5 172.07 3.3 4.6 259.38 4.9 0.4 
40 x 80 x 480 2 0 2184.00 5.0 11.4 1484.00 3.4 16.6 2502.00 5.8y 8.1 
40 x 80 x 480 2 0.25 1075.22 4.4 9.3 663.21 2.8 9.3 1 035.01 4.3 10.9 
1) b - width, d – beam depth, l - length 
2) ffl - flexural strength of the non-notched beam 
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Table A.10.9. Fracture energy Gf derived from 3-point bend test - relative standard deviations – PZ-
089901, FA-1200-01, RP-03-2E. 
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) d/b2) a/d Mean Gf Rel. stand. 
dev.
Mean Gf Rel. stand. 
dev.
Mean Gf Rel. stand. 
dev.
mm³ - - N/m % N/m % N/m % 
10 x 10 x 60 1 46.88 3.7 30.35 7.1 15.51 5.7 
10 x 20 x 120 2 41.52 25.4 25.33 8.4 18.47 27.9 
10 x 40 x 240 4 40.14 11.4 22.21 14.8 16.25 17.4 
20 x 20 x 120 1 53.05 1.4 22.25 13.1 12.92 7.2 
20 x 40 x 240 2 50.74 14.2 27.60 20.7 16.48 7.0 
20 x 80 x 480 4 35.12 10.7 25.10 4.3 16.02 9.8 
40 x 40 x 240 1 40.06 5.8 30.46 7.9 16.27 3.5 
40 x 80 x 480 2 
0.25
31.98 32.1 27.25 25.2 16.29 12.5 
1) b - width, d - beam depth, l - length 
2) d/b - slenderness d/b of cross-section of the beam 
Table A.10.10. Fracture energy Gf,FE of numerically derived ?-w curves and deviation from fracture 
energy Gf derived from P-u curves of 3-point bend tests.  
Specimen dimension PZ-0899-01 FA-1200-01 RP-03-2E 
b x d x l 1) d/b a/d Gf Gf,FE Dev. Gf  Gf,FE Dev. Gf  Gf,FE Dev. 
mm³ - - N/m - N/m - N/m - 
10 x 10 x 60 1 46.9 47.5 1.01 
10 x 20 x 120 2 41.5 47.4 1.14 
10 x 40 x 240 4 40.1 36.7 0.91 
- - 
20 x 20 x 120 1 53.1 47.7 0.90 22.3 24.0 1.08 12.9 15.3 1.18 
20 x 40 x 240 2 50.7 56.5 1.11 27.6 29.3 1.06 16.5 13.8 0.84 
20 x 80 x 480 4 35.1 33.8 0.96 25.1 24.7 0.98 16.0 18.7 1.17 
40 x 40 x 240 1 40.1 44.9 1.12 30.5 29.1 0.96 16.3 19.1 1.17 
40 x 80 x 480 2 32.0 34.9 1.09 27.3 24.6 0.90 16.3 17.6 1.08 
Mean value2) - 
0.25
42.4 43.2 1.02 26.3 26.3 1.00 16.0 17.5 1.05 
1) b - width, d – beam depth, l – length 
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Table A.10.11. Results of compression tests at a testing age of 56 days - standard and relative 
standard deviation – storage conditions (A), (B), (C) - FA-1200-01. 
Storage condition Compressive strength fc Young´s modulus Ec Strain ?c1 at max. load 
 Mean 
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
Mean
value
Stand.
dev.
Rel.
stand.
dev.
 N/mm² % N/mm² % mm/m % 
(A) sealed storage 47.5 0.8 3.9 27 200 990 7.2 2.99 0.45 16.2 
(B) 20/65, 1 Vol.-% CO2 20.1 1.7 4.9 13 800 508 2.7 2.79 0.48 18.0 
(C) 20/65, CO2-free 35.3 0.6 1.4 19 100 755 2.8 2.97 0.70 23.4 
1) b – width, d – thickness of specimen, l – length 
Table A.10.12. Sampling points (?i, wi)of multi-linear ?-w curves derived by FE analysis for storage 
conditions (A), (B), and (C) at a testing age of 56 days – FA-1200-01. 
(A) 20 °C, sealed (B) 20/65, 1 Vol.-% CO2 (C) 20/65, CO2-free
?t w ?t w ?t w 
N/mm² mm N/mm² mm N/mm² mm 
0.000 3.070 0.000 2.594 0.000 3.344 
0.004 1.645 0.004 1.393 0.004 1.770 
0.007 0.882 0.007 0.749 0.007 0.937 
0.011 0.473 0.012 0.402 0.011 0.496 
0.019 0.253 0.020 0.216 0.019 0.263 
0.033 0.136 0.034 0.116 0.032 0.139 
0.055 0.073 0.057 0.062 0.054 0.074 
0.094 0.039 0.097 0.034 0.091 0.039 
0.158 0.021 0.164 0.018 0.154 0.021 
0.267 0.011 0.278 0.010 0.259 0.011 
0.4511) 0.000 0.4701) 0.000 0.4351) 0.000 
1) w at ? = 0 N/mm² represents wc
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Table A.10.13. Overview of test results at a testing age of 28 days, sealed storage - PZ-0899-01, FA-
1200-01, and RP-03-2E. 
Characteristic mean value Section PZ-0899-01 FA-1200-01 RP-03-2E 
Compression (short-term static loads) 
Compressive strength fc
(? = 4, d = 10 to 40 mm) 
86.5 39.3 135.3 
Young’s modulus Ec
N/mm²
31 700 22 100 28 600 
Strain at ultimate load ?c1 mm/m 
4.3.3
4.56 3.65 5.50 
?-? curves - 4.4.1, 4.4.3 
experimental curves; modelled curves 
accord. to German Standard [DIN 1045-1] 
and Model Code 90 [CEB93] 
Poisson’s ratio ? - 4.3.4 0.21 0.21 0.25 
Compression (long-term static loads)1)
Basic creep strains ?cc
(interpolation for 0.33 fc at last 
measured testing date at about 
250 days) 
mm/m 1.08 1.59 1.85 
Stress level k of static fatigue - 
5.4.2
0.80 fc 0.87 fc 0.92 fc
Tension (short-term static loads) 
Tensile strength ft 4.0 3.1 5.0 
Young’s modulus Et
N/mm²
32 400 25 100 28 000 
Strain at ultimate load ?t1 mm/m 
6.3.1
0.13 0.12 0.18 
?-w curves - 6.4.2 determined by FE analysis and analytical model 
3-point bend test 
Net flexural strength ffl,net
Flexural strength ffl
N/mm² 6.3.2.1 
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Table A.10.14. Overview of test results at a testing age of 56 days, storage conditions (A), (B), and 
(C) – FA-1200-01. 
Characteristic mean value Section (A)  
sealed
(B)
1 Vol.-% CO2
(C)
CO2-free
Compression (short-term static loads) 
Compressive strength fc 47.5 20.1 35.3 
Young’s modulus Ec
N/mm²
27 200 13 800 19 100 
Strain at ultimate load ?c1 mm/m 2.99 2.79 2.97 
?-? curves - 
7.3.2
experimental curves; modelled curves 
accord. to Model Code 90 [CEB93] 
Tension (short-term static loads) 
Tensile strength ft 3.2 2.9 3.7 
Young’s modulus Et
N/mm²
26 600 15 100 19 100 
Strain at ultimate load ?t1 mm/m 
7.3.4
0.11 0.22 0.17 
?-w curves - 7.4.1 determined by FE analysis 
3-point bend test (20 x 20 x 120 mm³, relative notch depth a/d = 0.25) 
Net flexural strength ffl,net N/mm² 4.0 4.0 4.9 
Fracture energy Gf N/m 28.9 28.2 31.8 
Characteristic length lch mm 
7.3.5
74 65 53 
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APPENDIX B – FIGURES
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Fig. 11.1. Experimentally determined load-displacement curves, 10 x 10 x 60 mm³ – FA-1200-01. 
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Fig. 11.2. Experimentally determined load-displacement curves, 10 x 20 x 120 mm³ – FA-1200-01. 
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Fig. 11.4. Experimentally determined load-displacement curves, 20 x 20 x 120 mm³ – FA-1200-01. 
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Fig. 11.5. Experimentally determined load-displacement curves, 20 x 40 x 240 mm³ – FA-1200-01. 
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Fig. 11.7. Experimentally determined load-displacement curves, 40 x 40 x 240 mm³ – FA-1200-01. 
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Fig. 11.8. Experimentally determined load-displacement curves, 40 x 80 x 480 mm³ – FA-1200-01. 
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Fig. 11.9. Experimentally determined load-displacement curves, 10 x 10 x 60 mm³ – RP-03-2E. 
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Fig. 11.10. Experimentally determined load-displacement curves, 10 x 20 x 120 mm³ – RP-03-2E. 
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Fig. 11.11. Experimentally determined load-displacement curves, 10 x 40 x 240 mm³ – RP-03-2E. 
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Fig. 11.13. Experimentally determined load-displacement curves, 20 x 40 x 240 mm³ – RP-03-2E. 
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Fig. 11.14. Experimentally determined load-displacement curves, 20 x 80 x 480 mm³ – RP-03-2E. 
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APPENDIX C - SOURCE CODE OF ANALYTICAL MODEL
Comments of this source code are italicised and marked by inverted commas. The beginning 
and end of subprocedures and functions are written in bold and underlined letters. 
'Variables
Dim L(3000), w(3000), H(3000), s(3000), F(3000), y(3000), M(3000), SM As Variant 
'L=measuring length, w=displacement, H=height, s=stress, F=force, y=lever arm, 
‘M=moment, SM=sum of moments 
Dim STGs(3000), STGw(3000) As Variant 
'STGs=stress s(i) derived from equilibrium of moments 
'STGw=corresponding measured w(i) 
Dim N_i, N_x, i, j As Variant 
Dim ys1, ys2, Fs1, Fs2 As Variant 
‘N_i=control variable, N_x=height of neutral axis, i=control variable, j=control variable 
‘ys1=lever arm of section 1, ys2=lever arm of section 2, Fs1=overall force of section 1 
‘Fs2=overall force of section 2 
Dim Start, Ende, Break As Variant 
‘Start=control variable, Ende=control variable, Break=control variable 
Dim E, B, Px(3000), ls, ft, Fehler(3000) As Variant 
'E=Young’s modulus of concrete, B=width of specimen, Px=load at load step z, ls=span 
‘ft=tensile strength 
Dim T1, T2, T3, F1, F2, F3 As Variant 
‘T1, T2, T3, F1, F2, F3 – control variables for iterative solution procedure 
Dim Daten As String 
Dim z, Ch(3000), Bz As Variant 
‘z=load step, Bz=control variable 
Public Function Pegasus()
‘Iterative solver 
For j = 1 To 5000 Step 1 
  T3 = CDec(T2 - F2 * (T2 - T1) / (F2 - F1)) 
  s(11) = T3 
  F3 = (Px(z) - Ps()) 
If Abs(Px(z) - Ps()) < 0.1 Then GoTo Bruch1 
  If (F2 * F3) < 0 Then 
    T1 = CDec(T3) 
    F1 = CDec(F3) 
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Comments of this source code are italicised and marked by inverted commas. The beginning 
and end of subprocedures and functions are written in bold and underlined letters. 
'Variables
Dim L(3000), w(3000), H(3000), s(3000), F(3000), y(3000), M(3000), SM As Variant 
'L=measuring length, w=displacement, H=height, s=stress, F=force, y=lever arm, 
‘M=moment, SM=sum of moments 
Dim STGs(3000), STGw(3000) As Variant 
'STGs=stress s(i) derived from equilibrium of moments 
'STGw=corresponding measured w(i) 
Dim N_i, N_x, i, j As Variant 
Dim ys1, ys2, Fs1, Fs2 As Variant 
‘N_i=control variable, N_x=height of neutral axis, i=control variable, j=control variable 
‘ys1=lever arm of section 1, ys2=lever arm of section 2, Fs1=overall force of section 1 
‘Fs2=overall force of section 2 
Dim Start, Ende, Break As Variant 
‘Start=control variable, Ende=control variable, Break=control variable 
Dim E, B, Px(3000), ls, ft, Fehler(3000) As Variant 
'E=Young’s modulus of concrete, B=width of specimen, Px=load at load step z, ls=span 
‘ft=tensile strength 
Dim T1, T2, T3, F1, F2, F3 As Variant 
‘T1, T2, T3, F1, F2, F3 – control variables for iterative solution procedure 
Dim Daten As String 
Dim z, Ch(3000), Bz As Variant 
‘z=load step, Bz=control variable 
Public Function Pegasus()
‘Iterative solver 
For j = 1 To 5000 Step 1 
  T3 = CDec(T2 - F2 * (T2 - T1) / (F2 - F1)) 
  s(11) = T3 
  F3 = (Px(z) - Ps()) 
If Abs(Px(z) - Ps()) < 0.1 Then GoTo Bruch1 
  If (F2 * F3) < 0 Then 
    T1 = CDec(T3) 
    F1 = CDec(F3) 
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  Else 
    F1 = CDec(F1 * (F2 / (F2 + F3))) 
    T2 = CDec(T3) 
    F2 = CDec(F3) 
  End If 
Next j 
Bruch1:
Pegasus = T3 
End Function
Public Function Ps()
‘Formulas
'Calculation of forces of partial areas and corresponding neutral axes – only compression 
SM = 0 
i = 1 
For i = 1 To N_i - 2 
  F(i) = (Abs(s(i)) + Abs(s(i + 1))) / 2 * (H(i + 1) - H(i)) * B 
  y(i) = ((H(i + 1) - H(i)) / 3) * (Abs(s(i + 1)) + 2 * Abs(s(i))) / (Abs(s(i + 1)) + Abs(s(i))) 
  M(i) = F(i) * (N_x - H(i + 1) + y(i)) 
Next i 
'Moments of section of zero-point 
ys1 = (N_x - H(N_i - 1)) * 2 / 3 
ys2 = (H(N_i) - N_x) * 2 / 3 
Fs1 = ((N_x - H(N_i - 1)) * Abs(s(N_i - 1)) / 2) * B 
Fs2 = ((H(N_i) - N_x) * Abs(s(N_i)) / 2) * B 
M(N_i - 1) = ys1 * Fs1 + ys2 * Fs2 
'Calculation of forces of partial areas and corresponding neutral axes – only tension 
For i = N_i To 10 
  F(i) = (Abs(s(i)) + Abs(s(i + 1))) / 2 * (H(i + 1) - H(i)) * B 
  y(i) = ((H(i + 1) - H(i)) / 3) * (Abs(s(i + 1)) + 2 * Abs(s(i))) / (Abs(s(i + 1)) + Abs(s(i))) 
  M(i) = F(i) * (H(i + 1) - N_x - y(i)) 
Next i 
'Summation of moments 
For i = 1 To 10 
  SM = M(i) + SM 
Next i 
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  Else 
    F1 = CDec(F1 * (F2 / (F2 + F3))) 
    T2 = CDec(T3) 
    F2 = CDec(F3) 
  End If 
Next j 
Bruch1:
Pegasus = T3 
End Function
Public Function Ps()
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  y(i) = ((H(i + 1) - H(i)) / 3) * (Abs(s(i + 1)) + 2 * Abs(s(i))) / (Abs(s(i + 1)) + Abs(s(i))) 
  M(i) = F(i) * (N_x - H(i + 1) + y(i)) 
Next i 
'Moments of section of zero-point 
ys1 = (N_x - H(N_i - 1)) * 2 / 3 
ys2 = (H(N_i) - N_x) * 2 / 3 
Fs1 = ((N_x - H(N_i - 1)) * Abs(s(N_i - 1)) / 2) * B 
Fs2 = ((H(N_i) - N_x) * Abs(s(N_i)) / 2) * B 
M(N_i - 1) = ys1 * Fs1 + ys2 * Fs2 
'Calculation of forces of partial areas and corresponding neutral axes – only tension 
For i = N_i To 10 
  F(i) = (Abs(s(i)) + Abs(s(i + 1))) / 2 * (H(i + 1) - H(i)) * B 
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  Else 
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Next j 
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Public Function Ps()
‘Formulas
'Calculation of forces of partial areas and corresponding neutral axes – only compression 
SM = 0 
i = 1 
For i = 1 To N_i - 2 
  F(i) = (Abs(s(i)) + Abs(s(i + 1))) / 2 * (H(i + 1) - H(i)) * B 
  y(i) = ((H(i + 1) - H(i)) / 3) * (Abs(s(i + 1)) + 2 * Abs(s(i))) / (Abs(s(i + 1)) + Abs(s(i))) 
  M(i) = F(i) * (N_x - H(i + 1) + y(i)) 
Next i 
'Moments of section of zero-point 
ys1 = (N_x - H(N_i - 1)) * 2 / 3 
ys2 = (H(N_i) - N_x) * 2 / 3 
Fs1 = ((N_x - H(N_i - 1)) * Abs(s(N_i - 1)) / 2) * B 
Fs2 = ((H(N_i) - N_x) * Abs(s(N_i)) / 2) * B 
M(N_i - 1) = ys1 * Fs1 + ys2 * Fs2 
'Calculation of forces of partial areas and corresponding neutral axes – only tension 
For i = N_i To 10 
  F(i) = (Abs(s(i)) + Abs(s(i + 1))) / 2 * (H(i + 1) - H(i)) * B 
  y(i) = ((H(i + 1) - H(i)) / 3) * (Abs(s(i + 1)) + 2 * Abs(s(i))) / (Abs(s(i + 1)) + Abs(s(i))) 
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'Summation of moments 
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  Else 
    F1 = CDec(F1 * (F2 / (F2 + F3))) 
    T2 = CDec(T3) 
    F2 = CDec(F3) 
  End If 
Next j 
Bruch1:
Pegasus = T3 
End Function
Public Function Ps()
‘Formulas
'Calculation of forces of partial areas and corresponding neutral axes – only compression 
SM = 0 
i = 1 
For i = 1 To N_i - 2 
  F(i) = (Abs(s(i)) + Abs(s(i + 1))) / 2 * (H(i + 1) - H(i)) * B 
  y(i) = ((H(i + 1) - H(i)) / 3) * (Abs(s(i + 1)) + 2 * Abs(s(i))) / (Abs(s(i + 1)) + Abs(s(i))) 
  M(i) = F(i) * (N_x - H(i + 1) + y(i)) 
Next i 
'Moments of section of zero-point 
ys1 = (N_x - H(N_i - 1)) * 2 / 3 
ys2 = (H(N_i) - N_x) * 2 / 3 
Fs1 = ((N_x - H(N_i - 1)) * Abs(s(N_i - 1)) / 2) * B 
Fs2 = ((H(N_i) - N_x) * Abs(s(N_i)) / 2) * B 
M(N_i - 1) = ys1 * Fs1 + ys2 * Fs2 
'Calculation of forces of partial areas and corresponding neutral axes – only tension 
For i = N_i To 10 
  F(i) = (Abs(s(i)) + Abs(s(i + 1))) / 2 * (H(i + 1) - H(i)) * B 
  y(i) = ((H(i + 1) - H(i)) / 3) * (Abs(s(i + 1)) + 2 * Abs(s(i))) / (Abs(s(i + 1)) + Abs(s(i))) 
  M(i) = F(i) * (H(i + 1) - N_x - y(i)) 
Next i 
'Summation of moments 
For i = 1 To 10 
  SM = M(i) + SM 
Next i 
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'Calculated ultimate load 
Ps = SM * 4 / ls 
End Function
Sub Tanja()
‘Import of data
Daten = "Daten Diana" 
E = Worksheets(Daten).Cells(11, 3).Value  
B = Worksheets(Daten).Cells(9, 3).Value  
ls = 200 
ft = Worksheets(Daten).Cells(12, 3).Value 
For i = 1 To 11 
  L(i) = Worksheets(Daten).Cells(16 + i, 2).Value 
  H(i) = Worksheets(Daten).Cells(16 + i, 3).Value 
Next i 
‘Deletion of temporary store 
For i = 0 To 3000 Step 1 
  STGs(i) = 0 
  STGw(i) = 0 
Next i 
‘Starting point and end point of load-displacement curve 
Start = Worksheets(Daten).Cells(31, 3).Value 
Ende = Worksheets(Daten).Cells(33, 3).Value - Start 
'Loop running through load steps z
For z = 2 To Ende Step 1 
‘Deletion of temporary store 
    For i = 1 To 3000 Step 1 
      w(i) = 0 
      y(i) = 0 
      s(i) = 0 
      F(i) = 0 
      M(i) = 0 
    Next i 
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‘Import of displacements for load step z 
    For i = 1 To 11 Step 1 
      w(i) = Worksheets(Daten).Cells(Start + z, 7 + i).Value 
    Next i 
‘Import of forces for load step z 
    Px(z) = Worksheets(Daten).Cells(Start + z, 7).Value 
‘Definition of first two points of ?-w relation, i.e. for s=0 and s=ft 
    STGs(0) = 0 
    STGw(0) = 0 
    STGs(1) = ft 
    STGw(1) = ft / E * L(11) 'Displacement at stress ft
'Calculation of stresses - compression 
    For i = 1 To 11 Step 1 
        'neg. values = compression, i.e. lin-elast. s=stress 
        If w(i) <= 0 Then 
           s(i) = (w(i) / L(i) * E) 
        End If 
'Information of zero point 
        If w(i) > 0 And w(i - 1) < 0 Then 
            N_i = i 
        End If 
'Positive values w(i)?tension; at first, assumption of linear-elastic stresses 
        If w(i) > 0 Then 
            'Interpolation of new values s(i) 
            If w(i) <= ft / E * L(11) Then 
                s(i) = Abs(w(i) / L(i) * E) 
                If i = 11 Then Bz = 1 
            Else 
                For j = 1 To z 
                   If w(i) > STGw(j - 1) And w(i) <= STGw(j) Then 
                   s(i) = STGs(j - 1) + (w(i) - STGw(j - 1)) * (STGs(j) - STGs(j - 1))  
/ (STGw(j) - STGw(j - 1)) 
                   GoTo Endeinter 
                   End If 
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                Next j 
                If w(i) > STGw(z - 1) And i <> 11 Then 
                Break = 0 / 0 ‘abortion of simulation because s(i) for i < 11 exceeds calculated s(w)
                GoTo Endeinter 
                End If 
            End If 
         End If 
Endeinter: 
    Next i 
'Determination of zero-point
    N_x = ((H(N_i) - H(N_i - 1)) * Abs(w(N_i - 1)) / (Abs(w(N_i)) + Abs(w(N_i - 1))))    + 
H(N_i - 1) 
'Initial values 
    If Bz = 1 Then GoTo Endedirekt 
    T1 = ft 
    s(11) = T1 * 4 
    F1 = (Px(z) - Ps()) 
    T2 = 0.01 
    s(11) = T2 
F2 = (Px(z) - Ps()) 
    If (F1 >= 0 And F2 >= 0) Or (F1 <= 0 And F2 <= 0) Then 
     Fehler(z) = 1 
     GoTo Endedirekt 
    Else 
     Fehler(z) = 0 
    End If 
    s(11) = Pegasus()  
Endedirekt:
    Bz = 0 
    STGs(z) = s(11) 
    STGw(z) = w(11) 
‘Application of collocation method
    If STGs(z - 1) > STGs(z - 2) And w(11) > STGw(1) Then 
      STGs(z - 1) = (STGs(z - 1) + STGs(z - 2)) / 2 
      STGw(z - 1) = (STGw(z - 1) + STGw(z - 2)) / 2 
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    End If 
    s(11) = Pegasus()  
Endedirekt:
    Bz = 0 
    STGs(z) = s(11) 
    STGw(z) = w(11) 
‘Application of collocation method
    If STGs(z - 1) > STGs(z - 2) And w(11) > STGw(1) Then 
      STGs(z - 1) = (STGs(z - 1) + STGs(z - 2)) / 2 
      STGw(z - 1) = (STGw(z - 1) + STGw(z - 2)) / 2 
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      STGs(z - 2) = STGs(z - 1) 
      STGw(z - 2) = STGw(z - 1) 
    End If 
Next z 
‘Data transfer to excel 
Worksheets("Hilfsdaten").Cells(1, 1).Value = "N_x" 
Worksheets("Hilfsdaten").Cells(2, 1).Value = CDbl(N_x) 
Worksheets("Hilfsdaten").Cells(3, 1).Value = "SM" 
Worksheets("Hilfsdaten").Cells(4, 1).Value = CDbl(SM) 
Worksheets("Hilfsdaten").Cells(5, 1).Value = "Ps" 
For i = 11 To 1 Step -1 
Worksheets("Hilfsdaten").Cells(1, 2).Value = "w(i)" 
Worksheets("Hilfsdaten").Cells(1, 3).Value = "H(i)" 
Worksheets("Hilfsdaten").Cells(1, 4).Value = "s(i)" 
Worksheets("Hilfsdaten").Cells(i + 1, 2).Value = w(i) 
Worksheets("Hilfsdaten").Cells(i + 1, 3).Value = H(i) 
Worksheets("Hilfsdaten").Cells(i + 1, 4).Value = CDbl(s(i)) 
Next i 
For i = 2 To z 
Worksheets("Hilfsdaten").Cells(1, 5).Value = "Px(z)" 
Worksheets("Hilfsdaten").Cells(i, 5).Value = Px(i) 
Worksheets("Hilfsdaten").Cells(i, 7).Value = Fehler(i) 
Next i 
For i = 0 To z 
Worksheets("Ausgabedaten").Cells(i + 1, 1).Value = CDbl(STGw(i)) 
Worksheets("Ausgabedaten").Cells(i + 1, 2).Value = CDbl(STGs(i)) 
Worksheets(Daten).Cells(i + 40, 1).Value = CDbl(STGw(i)) 
Worksheets(Daten).Cells(i + 40, 2).Value = CDbl(STGs(i)) 
Next i 
End sub
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